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PREFACE 


I  4'a  l**'C'f*  1*1 


Progran  Goals 


"Sturiy  of  Polyatomic  Dynamics  of  the  Atmosphere"  is  a  three  yea’' 
pme^am  encompass i ne  both  experimental  and  anaiytira!  tasks  The  aim  of 
th(?  expe’' imenta  1  portion,  is  to  conduct  expe'^iments  on  and  to  interpret  the 
spat'a’  and  temporal  dependence  of  the  rate  of  formation  of  <T"o;inc 
vibrational  state  populations  which  a''e  important  in  the  disturbed  upper 
atmosphere,  with  a  specific  forms  on  NO  (nitric  oxide)  formation  in  A*^f;L.'s 
LABCL'DF  experiment.  The  aim  of  the  analytical  portion  of  the  study  is  to 
"determine  theoretically  the  properties  of  triatomic  molecules  important  to 
dynamics  of  the  atmosphere",  with  a  specific  focus  on  the  infrared 
properties  of  0-^  (ozone)  and  N'02  (nitrogen  dioxide).  These  goals  were 
fully  achieved  during  the  contract  period. 


Program  Motivation 


^  ■''he  purpose  of  this  work  has  been  to  study  a  number  of  inf rared  act  ivc 
species,  produced  in  the  disturbed  atmosphere,  both  experimentally  and 
theoret i ca i ly .  These  comprehensive  studies  will  aid  the  interpretation  of 
cxisr‘ne  laboratory  a.nd  field  data  These  stu(:ir*s  a"e  especial.'y  va liiii^  1 
becatise  the  exist'ne  data  base  and  models  have  i)een  deficient  'In  the’’' 
ab’’  ty  to  pred.'ct  the  .hig'^'y  nou-thermal  chemical,  physical  .and  rariiat''"" 
P",ippr-tips  of  the  upper  atmosphere,  parttcular’y  under  dist  uriied 
cond  i  t  i  ons .  r  The  analytical  portion  of  this  report  's  presented  in  Ci'.ap'e" 
'.  .  T!ie  exp^iment.al  program  is  presented  In  Chapter  I!. 
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J .  INTRODUCTION 


This  portion  of  the  prograa  deals  with  the  theoretical  calculation  of 
infrared  properties  of  triatowic  ■olecules.  focusinK  on  O3  and  NO2'  These 
molecules  are  present  in  the  norwal  ataosphere  as  well  as  in  disturbed 
ataospheres.  O3  eaisaion  at  9  6  m  is  found  to  be  greatly  enhanced  in 
auroras,  as  seen  in  HIRIS  NO2  has  been  proposed  by  Archer^^^  as  an 
import.int  emitter. 

The  analytical  prograa  is  subdivided  into  two  main  areas. 

1.  The  calculation  of  vibrational  band  strengths  for  high  v  levels  of 
O3.  This  work  is  directly  r»'levant  to  the  interpretation  of  field 
observations  of  ozone  9.6  p  ealsslon^^^  as  well  as  the  COCHISE  laboratory 
studies  at  AFGL.^^ 

2.  The  development  of  a  model  for  upper  atmospheric  NO2  infrared 
chemiluminescence.  This  work  is  directly  relevant  to  the  prediction  of  NO2 
background  radiance  in  a  nuclear  scenario. 

The  analytical  program  was  highly  successful,  resulting  in  two 
published  papers  related  to  ozone  vibrational  intensities. two 
manuscripts  (to  be  submitted)  on  NO2  chemiluminescence  (SSl-TR-111  and 


1.  W.  T.  Rawlins.  G.  E.  Caledonia,  J.  J.  Gibson,  and  A.  T.  Stair,  Jr., 
Geophys.  Res..  90 .  2896  (1985). 

2.  D.  H.  Archer.  "Requirements  for  Improved  Infrared  Prediction 

Capability:  LWIR,"  Mission  Research  Corporation,  Rpt.  No.  MRC-R-583. 

DN5471F  (1980). 

3.  W.  T.  RawHns  and  R.  A.  Armstrong.  "COCHISE  Observations  of  O3  Formed 
by  Three  Body  Recombination  of  0  and  O2 , "  Rpt.  No.  AFGL-TR-82-0273 . 
Air  Force  Geophysics  Laboratory.  Hanscom  AFB,  MA  (1982).  ADA123653 

4.  W.  T.  Rawlins  and  R.  A.  Armstrong,  "Dynamics  of  Vibrational ly  Excited 

Ozone  Formed  by  Three-Body  Recombination.  I:  Spectroscopy,"  to  be 

submi tied . 

5.  W.  T.  Rawlins,  G.  E.  Caledonia,  and  R.  A.  Armstrong.  "Dynamics  of 

Vibrationally  Excited  Ozone  Formed  by  Three-Body  Recombination.  II: 
Kinetics  and  Mechanism,"  to  be  submitted. 

6.  S.  M.  Adler-Golden  and  G.  0.  Carney,  Chem .  Phys .  Lett .  .  113,  582 

(1985) . 

7.  S.  M.  Adler-Golden.  S.  R.  Langhoff,  C.  W.  Pauschl icher ,  Jr.,  and  G.  D. 
Carney.  J .  Chem .  Phys . .  83 .  255  (1985). 

I  1 


SSI-TR-112),  and  an  AFGL  Technical  Report'®'  on  atmospheric  radiance  from 
NO2  vibrational  bands.  Additional  results  and  applications  include 
recommended  ozone  Einstein  coefficients  for  9.6  M  emission,  and  a  model  for 

NO2  visible  and  IR  emission  in  the  ram  glow  off  the  Space  Shuttle  and  other 

low  earth-orbiting  satellites.  Two  other  publications  related  to  this 
program  also  appeared  during  the  contract  period.  The  first  paper, 
based  on  work  of  the  previous  contract  period,  was  a  study  of  the 

variational  method  for  calculating  vibrational  energy  levels.  The  second 
paper, authored  by  G.  Carney,  is  an  application  of  the  variational 
method  to  the  H3*  molecule,  an  important  test  case,  and  grew  out  of  our 
collaboration  in  developing  the  computer  code  for  ozone. 

The  organization  of  the  analytical  portion  of  this  Report  is  as 
follows.  Section  2  provides  an  overview  of  the  role  of  vlbrationally 

excited  molecules,  particularly  O3  and  NO2 ,  in  atmospheric  IR  backgrounds, 
and  presents  in  greater  detail  the  motivation  for  the  current  analytical 
studies.  Section  3  describes  the  calculation  of  the  ozone  vibrational  band 
strengths,  and  Section  4  describes  the  NO2  modeling  studies.  For  further 
technical  details  the  reader  is  referred  to  our  papers  (References  6,  7  and 
10)  and  manuscripts  (SSI-TR-111  and  -112),  which  for  convenience  have  been 
reproduced  in  Appendices  A-E. 


S.  M.  Adler-Golden,  "Predicted  NO2  IR  Chemiluminescence  In  the  Natural 
Atmosphere,"  AFGL-TR-86- 0099 ,  Air  Force  Geophysics  Laboratory,  Hanscom 
AFB.  MA  (1986).  ADA173812 

S.  M.  Adler-Golden,  J .  Phys .  Chem . .  69.  964  (1985). 

G.  D.  Carney.  S.  M.  Adler-Golden,  and  D.  C.  Lesseskl,  J.  Chem. 
Phys.  .  3921  (1986)  . 


2.  ANALYTICAL  PROGRAM  OVERVIEW 


In  the  upper  atmosphere  a  number  of  chemical  and  physical  processes 
occur  which  populate  high-lying  molecular  vibrational  levels.  Due  to  the 
very  low  upper  atmospheric  density  these  levels  have  the  opportunity  to 
emit  Infrared  radiation  before  they  are  removed  by  collisions.  The 
resulting  non-thermal.  hot  band  emission  has  a  different  spectrum  than  the 
thermal  emission  seen  under  ordinary  laboratory  conditions  of  higher 
density.  Hot  bands  occur  to  the  red  of  the  cold  emission,  and  have  higher 
band  strengths  (l.e.,  larger  Einstein  coefficients)  than  the  corresponding 
cold  bands.  In  addition,  new  intercombination  bands  are  possible  at  high 
vibrational  energies.  The  result  is  that  emission  from  highly  excited 
upper  atmospheric  molecules  tends  to  fill  in  the  Infrared  window"  regions 
associated  with  ambient  temperature  molecules. 

In  disturbed  atmospheres  new  processes  occur  which  enhance  the 
concentrations  of  infrared-active  molecules.  Ozone  emission  at  9.6  p  has 
been  found  to  be  greatly  enhanced  in  auroras,  possibly  due  to  ozone 
formation  via  a  2-body  reaction  between  O2  and  O2*  (electronically  excited 
oxygen).  The  normal  atmospheric  9.6  p  limb  radiance  is  10"®  W  cm"^  sr"^  at 
110  km  according  to  SPIRE, whereas  HIRIS^^^  measured  radiances  of 
around  10'^  |W  cm”^  ar"'  at  110-120  km  in  an  aurora.  Similarly.  NO2. 
ordinarily  a  weak  emitter  in  the  upper  atmosphere  (as  evidenced  by  its 
absence  in  SPIRE  spectra  above  35  km)  may  be  greatly  enhanced  in  a  nuclear 
scenario  due  to  increased  NO  formation,  followed  by  the  reaction  NO  *^0  (* 
M)  -♦  NO2  ( ♦^  M).  These  are  both  examples  of  chemiluminescence  mechanisms, 
in  which  vi brational ly  excited  molecules  are  directly  formed.  Another 
mechanism  for  enhancement  of  infrared  radiance  is  the  pumping  of 
vibrational  modes  by  thermally  excited  air  molecules.  NO  and  CO2  emissions 
are  excited  in  this  way  in  the  normal  atmosphere .  ^ ^  and  would  be  even 
more  strongly  excited  at  the  high  temperatures  anticipated  in  a  nuclear 


11.  A.  T.  Stair,  Jr.,  R.  D.  Sharma,  R.  M.  Nadile,  D.  J.  Baker,  and  W.  F. 

Grieder,  J .  Geophys .  Res .  .  90  (1985)  9763. 

12.  n.  F.  Gordlets,  Yu.  N.  Kulikov.  M.  N.  Markov,  and  M.  Ya .  Marov.  J . 

Geophys .  Res . ,  87  (1982)  4504. 


scf'iinrio.  In  addition,  nlectronical  ly  oxcitrd  specios,  such  as  r*f*t  aslabh- 
0  atoms  and  O2  molecules,  as  well  as  vibrat ional 1 y  excited  species  such  as 
N2.  are  capable  of  pumping  infrared-active  molecules. 

The  ability  to  reliably  model  this  upper  atmospheric  infrared  emission 
requires  detailed  knowledge  of  the  excitation  and  quenching  processes  and 
the  radiative  properties  of  these  molecules.  Laboratory  data,  such  as 

o^one  chemiluminescence  spectra  obtained  in  the  COCHISE  facility  at 
are  very  useful,  but  require  raoileling  for  their  analysis,  since 
laboratories  do  not  duplicate  the  conditions  of  low  density  and  long 
optical  paths  found  in  the  upper  atmosphere.  In  the  case  of  the  ozone 

chemiluminescence.  accurate  modeling  requires  reliable  Einstein 
coefficients  for  liigh  vibrational  levels,  as  discussed  l)y  Rawlins.^^^' 
Wjtliout  this  information,  it  is  impossible  to  propeily  analyze  laboratory 
or  atmospheric  data,  determine  the  vibrational  level  populations,  and 
ultimately  predict  the  atmospheric  background  radiance  at  all  wavelengths, 
altitudes,  and  degrees  of  auroral  excitation.  ^ 

Tlie  main  purpose  of  the  current  analytical  program  was  to  proviile 
detailed  spectroscopic  and/or  mechanistic  information  for  two  specific 
molecules.  O3  and  NO2.  which  are  important  disturbed  atmosphere  radiators. 
The  ozone  work  in  particular  supports  the  COCHISE  experimental  program  at 
AEGL.  A  subsidiary  goal  was  to  develop  both  conceptual  models  and  computer 
codes  useful  for  similar  calculations  of  radiance  from  other  small 
molecules  in  the  atmosphere. 


3. 


CALCULATION  OF  VIBRATIONAL  BAND  STRENGTHS 


FOR  OZONE  HIGH  VIBRATIONAL  LEVELS 


3 . 1  Introduction 

As  discussed  in  Section  2.  Einstein  coefficients  for  high  v  levels  of 
ozone  are  critical  for  the  proper  interpretation  of  upper  atmospheric  ozone 
radiance  as  well  as  the  analysis  of  the  COCHISE  results.  Accurate  ab 
Initio  variational  calculations  of  these  quantities,  begun  during  the 
previous  contract  period,  were  completed  and  published  during  this  program, 
and  are  one  of  the  main  accomplishments  of  the  analytical  effort. 

The  calculation  was  a  collaborative  effort  between  Spectral  Sciences. 
G.  Carney  (NIT)  and  S.  Langhoff  and  C.  Bauschlicher  (NASA  Ames).  One  of 
the  key  ingredients  was  the  ab  initio  dipole  moment  calculated  by  Langhoff 
using  the  CASSCF  method.  This  method  has  yielded  the  most  accurate  results 
available  for  the  notoriously  difficult  ozone  molecule.  The  second 
important  ingredient  was  the  variational  algorithm,  developed  by  Cropek  and 
Carney^^^^  and  modified  by  us.  A  brief  description  of  the  algorithm  and 
the  modifications,  which  corrected  an  error  in  the  original  code  and 
extended  the  code  to  handle  ozone  and  improve  its  convergence  properties. 
Is  found  in  Subsection  3.2  below.  A  test  of  the  new  algorithm  was  provided 
by  calculations  on  H3* .  which  gave  excellent  agreement  with  independent 
methods  (see  Reference  10,  reproduced  in  Appendix  C).  A  third  ingredient 
required  was  the  transformation  of  the  ab  initio  dipole  moment  to  the 
Eckart  frame,  which  we  accomplished  using  a  new,  exact  method  (see 
Reference  C.  reproduced  in  Appendix  A).  The  final  ozone  results  are 
described  in  Reference  7  (also  In  Appendix  B). 

In  a  follow-up  calculation,  the  variational  results  for  9.6  m 
emission,  which  cover  all  vibrational  levels  having  up  to  3  quanta,  were 
extrapolated  semi- empirical ly  to  the  highest  vibrational  levels  seen  in 
COCHISE.  This  resulted  in  a  set  of  recommended  Einstein  coefficients  for 
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9.6  M  emission,  described  in  Subsection  3.3.  We  estimate  that  these 
Einstein  coefficients  are  accurate  to  ~20\  or  better.  A  detailed 
comparison  of  the  recommended  Einstein  coefficients  with  earlier,  less 
accurate  estimates  is  given  by  Rawlins  and  Armstrong . ^  In  brief,  the 
recommended  values  are  smaller  than  harmonic  oscillator  scaling 
predictions,  but  the  differences  do  not  exceed  a  factor  of  2  for  the  bands 
observed  in  COCHISE. 


lorithm  Development 


The  core  of  the  current  calculations  is  a  variational  algorithm 
developed  by  G.  Carney  and  D.  Cropek  while  at  Allegheny  College.  This 
algorithm  uses  an  exact,  internal  coordinate  formulation  of  the  quantum 
mechanical  Hamiltonian  for  a  bent,  symmetric  triatomic  molecule.  We  have 
extended  the  original  code  as  described  below  for  application  to  the 
problem  of  ozone  infrared  intensities. 

The  Carney-Cropek  variational  algorithm  is  described  in  detail 
elsewhere. ( In  brief,  it  utilizes  an  internal  coordinate  Hamiltonian 
developed  by  Lai  and  Hagstrom, ^ with  basis  functions  which  are  numerical 
solutions  to  1-dimensional  bond  stretching  and  angle  bending  Schrodlnger 
equations.  The  off-diagonal  matrix  elements  arise  from  both  kinetic  energy 
and  potential  energy  coupling  terms,  and  are  evaluated  using  either 
numeric.il  quadrature  or  Simpson's  rule.  Tlie  potential  energy  surface  is 
expressed  as  a  polynomial  in  a  set  of  expansion  variables,  such  as  (e  - 
0pq ) .  Pi  .  P2 .  as  defined  by  Simons.  Parr  and  Flnlan . ^ ^  or,  in 
alternative  code  versions,  the  radial  variables  (R  -  Req^  Morse 
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oscillator  (exponential)  variables.  Diagonalizatiun  is  accomplished  using 
the  efficient  GIVENS  routine  available  fro*  the  Quantum  Chemistry  Program 
Exchange,  Indiana  University. 

The  code  developed  by  Spectral  Sciences  extends  the  capabilities  of 
the  original  algorithm  in  the  following  ways: 

1.  The  number  of  potential  energy  surface  coefficients  is 
increased  to  an  arbitrary  number  which  is  currently  set  at 
50. 

2.  Matrix  elements  of  powers  of  the  expansion  variables  (up  to 
the  sixth  power)  are  output,  as  are  the  eigenfunctions.  This 
feature  permits  the  calculation  of  dipole  moment  matrix 
elements . 

3.  Configuration  lists  can  be  automatically  generated  if  desired 
using  quantum  number  cutoff  criteria. 

4.  Auxiliary  programs  have  been  developed  for  generating  input 
files  of  force  constants  and  dipole  moment  coefficients,  and 
for  generating  dipole  moment  matrix  elements  using  the 
variational  eigenstates. 

These  codes  have  been  run  on  both  the  PRIME  750  at  Abt  Associates, 
Inc.,  used  by  Spectral  Sciences,  and  on  the  VAX  780  at  AFGL.  The  VAX  was 
used  for  running  the  codes  with  large  basis  sets,  and  the  PRIME  has  been 
used  for  program  development. 

In  addition,  it  should  be  noted  that  the  current  variational  code 
corrects  an  error  in  the  original  Carney-Cropek  program.  Verification  of 
the  accuracy  of  the  new  code  is  provided  by  a  calculation  of  tlie 
eigenvalues  of  the  Barbe  quartic  potential  function: ^ they  are  found  to 
agree  with  a  previous,  converged  caiculat ion^ ^ ^ ^  (which  used  the  Watson 
Hamiltonian  in  "t”  coordinates)  to  within  0.1  cm'^  . 
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Having  in  hand  accurate  vibrational  wavefunctlons  fron  the  variational 
code,  we  can  begin  the  dipole  Moment  Matrix  elewent  calculation.  Ab  initio 
dipole  moMent  vectors  at  a  nuMber  of  geometries  were  provided  to  us  by 
Langhoff;  tliey  were  calculated  on  a  CRAY  1  at  NASA/Awes  using  the  CASSCF 
method  with  a  large  DZP  basis  set.  Further  details  are  given  in  Reference 
7,  along  with  a  comparison  of  various  ab  Initio  Methods.  After 
transformation  to  the  Eckart  frame  (see  the  following  paragraph),  the 
dipole  moment  vectors  were  fit  to  polynomial  functions  (one  for  each  vector 
component)  in  the  vibrational  expansion  variables  using  a  least-squares 
routine.  This  reduced  the  dipole  moment  matrix  elements  to  a  linear 
combination  of  matrix  elements  of  the  expansion  variable  powers,  which  as 
mentioned  earlier  are  part  of  the  variational  code  output. 

The  ab  initio  dipole  moment  vector  is  initially  expressed  in  the 
valence  angle  bisector  (VAB)  coordinate  system,  whose  unit  vectors  are 
parallel  and  perpendicular  to  the  bisector  of  the  instantaneous  angle.  For 
asymmetric  geometries  these  unit  vectors  are  not  fixed  in  the  laboratory 
frame,  so  that  the  valence  angle  bisector  dipole  moment  components  cannot 
directly  be  used  for  the  dipole  moment  matrix  element  calculation.  As 
described  by  Carney  et  al.,^^®^  one  must  first  transform  the  dipole  moment 
vector  to  the  Eckart  frame  by  multiplying  by  a  rotation  matrix.  The  angle 
of  the  rotation,  is  derived  by  expressing  the  Instantaneous  geometry  in 
terms  of  Eckart  coordinates  such  as  normal,  "t",  or  symmetry  coordinates. 
We  developed  a  new,  exact  method  for  calculating  p,  which  is  described  in 
detail  in  Reference  6.  The  effect  of  this  coordinate  rotation  on  the  ozone 
band  intensities  has  been  discussed  by  Carney  et  al.;^^®^  for  most  bands  it 
is  found  to  be  minor. 

Upon  closer  investigation,  it  appears  that  the  above  procedure  for 
correcting  for  the  motion  of  the  VAB  coordinates  is  not  exact. 
Specifically,  for  large  amplitude  motions  the  vibrational  angular  momentum 
term  causes  a  relative  angular  velocity  between  the  Eckart  frame  and  the 
instantaneous  geometry  that  is  not  accounted  for  in  the  above  treatment; 


20.  G.  D.  Carney,  S.  Giorgianni ,  and  K.  N.  Rao,  J.  Holec.  Spectrosc.,  80 . 
158  (1980). 


this  angular  velocity  depends  on  linear  nonenta  as  well  as  coordinates. 
Thus,  the  Eckart  frame  components  do  not  exactly  correspond  to  the  fixed 
laboratory  frame  components.  Furthermore,  evidence  of  the  approximate 
nature  of  the  above  treatment  is  provided  by  our  observation  that  the 
rotation  angle  P  is  found  to  depend  slightly  on  the  definition  of  the 
equilibrium  geometry,  a  physically  unreasonable  result.  A  more  exact 
treatment  would  be  an  Interesting  theoretical  problem,  but  was  beyond  the 
scope  of  the  current  investigation. 

The  detailed  ozone  results  and  comparison  with  experimental 
vibrational  intensities  appear  in  Reference  7.  An  additional  application 
of  our  variational  algorithm  was  the  calculation  of  vibrational  levels  of 
H3*.  a  molecule  of  astrophysical  significance  which  has  attracted 
considerable  experimental  and  theoretical  Interest.  The  potential  surfaces 
were  provided  by  Carney  and  the  vibrational  level  calculations  were 
performed  by  Spectral  Sciences.  The  H3*  molecule  proved  to  be  a  severe 
test  for  our  algorithm,  and  required  us  to  squarely  face  the  issues  of 
basis  set  selection  and  computational  speed.  Details  are  provided  in 
Reference  10.  The  experience  acquired  in  handling  H3  will  prove  useful  in 
future,  more  ambitious  calculations  on  ozone  and  other  molecules. 

3 • 3  Recommended  Einstein  Coefficients  for  Ozone  9.6  n 
Chemiluminescence 

3.3.1  Introduction 

The  theoretical  calculation  described  In  Reference  7  resulted  in 
dipole  moment  matrix  elements  R  for  all  transitions  Involving  ozone 
vibrational  levels  having  up  to  three  quanta.  Since  the  Einstein  A 
coefficient  Is  related  to  the  dipole  moment  matrix  element  via  the  equation 

A  {sec“h  =  2.026  X  10"®v^r2  (1) 

(where  R  is  in  a.  u.).  It  Is  a  simple  matter  to  convert  the  theoretical  R 
values  Into  Einstein  coefficients  for  use  In  ozone  chemiluminescence 
modeling.  As  shown  in  Reference  7,  our  theoretical  dipole  moment  matrix 
elements  for  the  cold  bands  show  good  overall  consistency  with  experimental 


dat.i.  We  feel  that  the  calculations  for  the  hot  bands  are  conparably 
reliable.  Furthermore,  we  believe  that  the  relative  accuracy  of  the 
predicted  Vg  hot  band  dipole  moment  matrix  elements  Is  superior  to  their 
absolute  accuracy,  so  that  Improved  values  can  be  obtained  by  scallni; 
relative  to  the  known  value  for  the  Vg  fundamental. 

In  the  COCHISE  experiment  emission  is  observed  from  levels  having 
as  many  as  four  or  five  vibrational  quanta.  Unfortunately,  our  variational 
calculation  was  unable  to  access  these  highest  energy  states.  In  addition 
to  the  problem  of  convergence  of  the  calculation,  on  even  more  severe 
limitation  is  the  fact  that  these  states  probe  regions  of  the  potential 
energy  and  dipole  moment  surfaces  which  are  essentially  unknown.  The 
purpose  of  this  Section  is  to  present  a  plausible  extrapolation  of  the 
variational ly  calculated  matrix  elements  to  these  high  vibrational  levels. 
These  new  values  represent  our  current  best  guess  and  are  probably  accurate 
to  within  about  20\.  There  Is  one  cautionary  note,  however.  The 
possibility  exists  for  these  very  high  lying  levels  to  be  involved  in 
accidental  resonances  with  nearby  levels  containing  additional  bending 
excitation.  In  that  case  the  transition  strength  calculated  here  would  be 
divided  among  the  resonating  states.  On  the  other  hand,  there  seems  to  be 
no  direct  evidence  of  this  effect  in  COCHISE. 

.'’.3.2  Procedure 

Tl)c  matrix  element  extrapolation  was  accomplished  using  a  suitable 
functional  form.  We  focus  on  the  V3  transitions  emanating  from  states  (0 
V2  V3 )  and  (1  V2  V3 ) ,  which  may  be  described  using  the  function 

R  d  "dg(v  j.V2,V3)  ♦  e  'eg(v,  *  2.V2.V3  -  2) 

*  f"fg(Vj  »  4,V2.V3  -  4)  (2) 

where 

r(Vj.v2,V3)  =  VV^iCQ  -  c,v,  -  C2V2  -  C3V3)  (3) 
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The  quantities  d.  e.  and  f  are  wavefunclion  coefficients  found  from 
diagonalizing  the  Darling  Dennison  perturbation  matrix.  and  are  listed 

in  Table  1.  (d,  e.  and  f  are  the  weights  of  the  state  in  tlio 

unperturbed  basis  functions  [vj  V2  v-^>,  [vj  +  2  V2  V3  -  2>  and  [vj  ►  1 
V3  -  4>.  respectively:  the  "  superscript  indicates  that  Vg  is  to  be 
replaced  by  V3  -  1.)  The  quantities  Cq  through  C3  are  adjustable 

parameters.  We  fixed  R  for  the  W3  fundamental  to  the  variational  ly 

calculated  value,  leaving  three  independently  adjustable  parameters. 

Equation  (2)  is  theoretically  rigorous  for  a  model  which  includes 
electrical  anhar monicity  of  up  to  third  degree.  and  Dar 1 i ng-Dennlson 
coupiing  of  the  vibrational  w.ivefunctions .  Intension  of  mechanical 

anharmonici ty  effects  into  the  uncoupled  wavef unct ions  would  result  in  a 

more  complicated  function  involving  t»‘rms  of  higher  degree  in  the 
vibrational  quantum  numbers.  These  complications  are  overcome  for  the  most 


TABLE  1.  WAVEFUNCTION  COEFFICIENTS  FOR 
DARLING-DF.NNISON  RESONANCE 
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part  by  using  Equation  (2)  in  an  empirical  manner,  fitting  it  directly  to 
the  variationally  calculated  matrix  elements  In  Reference  7.  (The 
Reference  7  calculation  employed  accurate,  anharmonic  vibrational 
wavefunct ions . ) 

3.3.3  Results 

The  dipole  moment  matrix  element  R  was  calculated  using  Equation  (2) 
with  the  values  Cq  =  0.06932,  Cj  =  0.003,  C2  =  0.0006.  C3  =  0.0012,  which 
were  chosen  to  give  a  good  overall  fit  to  the  variationally  calculated  V3 
transitions  of  interest.  The  calculated  R  values  were  then  squared  and 
ratioed  to  the  fundamental.  The  resulting  ratios  are  presented  in  Table 
2  for  transitions  from  vibrational  levels  of  potential  relevance  to  the 
COCHISE  experiment.  Agreement  of  the  Equation  (2)  values  with  the 
variational  calculation  is  excellent.  We  are  therefore  confident  that  the 
Equation  (2)  values  for  the  four  and  five  quantum  states  closely 


TABLE  2.  CALCULATED  VALUES  OP  THE  RATIO  OF 
DIPOLE  MOMENT  MATRIX  ELEMENTS  SQUARED. 
(R/Rooi)^-  fOR  OZONE  V3  TRANSITIONS. 
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approxiaate  the  results  which  would  be  obtained  by  extending  the 
variational  treatment  to  higher  energies.  Given  the  good  accuracy  of  the 
variational  treatment,  especially  for  fundamental  bands,  we  estimate  an 
accuracy  of  around  20%  or  better  for  all  of  the  Table  2  ratios. 

3.3.4  Discussion 

If  one  adopts  an  electrically  and  mechanically  harmonic  model  for  the 
ozone  V3  bands  the  dipole  moment  ratios  (R'Rooi^^  predicted  to  be 
directly  proportional  to  Vg ,  as  given  in  the  second  column  of  Table  2. 
Comparison  with  the  Equation  (2)  ratios  shows  significant  deviation  from 
this  harmonic  model  starting  at  around  V3  =  3.  Approximately  half  of  this 
deviation  is  caused  by  the  Dari ing-Oennlson  resonance,  the  remainder  being 
due  to  other  sources  of  aniiarmonici ty  accounted  for  by  the  coefficients  Cj 
through  C3 . 

While  these  differences  arc  not  large  enough  to  alter  the  essential 
conclusions  of  the  COCHISE  data  analysis,  they  are  still  significant 
differences,  especially  given  our  confidence  in  the  Equation  (2)  values. 
Therefore,  we  highly  recommend  that  the  Equation  (2)  or  variational  dipole 
moment  ratios  be  used  instead  of  the  harmonic  approximation  for  the 
analysis  of  both  COCHISE  and  atmospheric  data. 


4.  N02  chemiluminescence  MODELING 

4 . 1  Introduction 

In  a  survey  on  infrared  radiators  In  a  nuclear  scenario  Archer^^^ 
identifies  NOg  as  a  potentially  laportant  emitter  throughout  the  LWIR. 
Vibrational ]y  excited  NO2  would  be  produced  via  the  chemiluminescent 
reactions 


NO  +  0  {♦M)  -*  NO  (^M)  ♦  hv 


(4) 


NO  +  O3  -*  NO2  +  O2  ♦  hv  (5) 

These  reactions  are  known  to  produce  visible  and  near-infrared  continuum 
chemiluminescence  as  well  as  NO2  vibrational  band  emission  at  3.7  p  and  6.3 
p.  In  a  nuclear  scenario  the  NO  could  be  considerably  enhanced  (by  one  or 
two  orders  of  magnitude)  over  ambient  concentrations,  so  the  radiation  from 
these  reactions  could  be  much  more  important  than  in  the  ambient 
atmosphere.  Archer’s  NO2  chemiluminescence  model,  which  incorporates  the 
WOK  code^^^^  and  a  few  basic  kinetic  and  spectroscopic  parameters,  was 
found  to  predict  very  strong  NO2  emission  (>  10~®  W  cm"^  sr'^  p“^  in  the  3 
-  5  p  and  7  -  9  p  regions  below  110  km),  resulting  in  virtual  elimination 
of  the  "window"  regions  in  the  upper  atmosphere,  as  the  result  of  these 
nuclear-enhanced  reactions. 

More  recently,  Kofsky  and  co -workers*  ^  have  considered  this 
problem  and  a  related  one,  NO2  chemiluminescence  from  the  Space  Shuttle. 
Th^y  developed  an  NO2  chemiluminescence  model  using  a  different  set  of 
assumptions  from  Archer,  predicting  much  less  emission  (by  1  or  2  orders  of 
magnitude)  over  a  much  narrower  spectral  range. 
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A  Major  goal  of  our  analytical  program  was  to  resolve  these  | 

differences  by  developing  an  accurate,  theoretically  grounded  model  for  the  | 

I 

NO2  infrared  chemiluminescence  expected  In  the  atmosphere.  This  goal  was  < 

successfully  accomplished  using  input  from  a  wide  range  of  NO2 
chemiluminescence,  fluorescence,  and  kinetic  data  published  over  the  last 
-20  years. 

The  NO2  chemiluminescence  model  we  developed  has  a  number  of  unique 
features  which  account  for  its  reliability.  Firstly,  the  model  takes  into 
full  ac^'ount  the  dependence  of  spectroscopic  and  kinetic  parameters  of  NO2 
upon  internal  energy  through  the  use  of  a  "stepladder"  formulation. 

Secondly.  the  model  incorporates  the  visible-near  infrared  continuum 
emission  mechanism,  which  is  essential  to  a  correct  description  of  the 

infrared  band  (as  well  as  continuum)  radiation.  Thirdly,  the  model  was 
designed  for  consistency  with  all  available  data  on  these  reactions, 
including  continuum  spectra,  infrared  band  spectra,  reaction  rates,  and 

quenching  rates,  as  well  as  NO2  spectral  data  such  as  vibrational 
intensities  and  continuum  radiative  lifetimes.  When  compared  with  observed 
spectra,  the  model  is  found  to  be  accurate  to  better  than  a  factor  of  2  in 
absolute  intensity  and  3\  in  wavelength  over  the  entire  visible  and 

infrared  regions. 

The  infrared  band  portion  of  the  model,  which  treats  the  two  most 
Intense  bands,  and  ^3 .  is  described  in  SSI-TR-112  (Appendix  D), 

where  comparison  with  experimental  results  is  also  made.  Further 
validation  is  provided  by  a  comparison  between  the  full  model  and 
experimental  visible  and  near-infrared  continuum  spectra,  found  in 

SSI  TR-111  (Appendix  E).  This  model  also  provides  a  new  interpretation  of 
the  NO  *  O3  reaction  mechanism.  To  our  knowledge,  the  current  NOg  infrared 
model  is  the  first  which  has  been  validated  by  these  extensive  comparisons 
In  addition  to  providing  support  for  the  Infrared  band  model,  the  continuum 
predictions  may  be  useful  in  their  own  right  for  analysis  of  the  nightglow. 

The  model  detailed  in  SSI-TR-112  and  SSl-TR-lll  provides  a  gooil 
description  of  NO2  chemiluminescence  observed  In  the  laboratory.  However, 
it  has  two  drawbacks  for  atmospheric  modeling:  it  is  fairly  complicated, 
and  it  may  be  less  accurate  at  the  very  low  densities  found  in  the  upper 
atmosphere.  To  correct  these  deficiencies,  a  second,  much  simpler  infi-nred 
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band  model  was  developed,  described  in  Subsection  4.2  below.  This  model, 
although  less  detailed,  is  more  versatile  than  the  first  in  several 
respects:  it  treats  not  only  the  strong  bands  mentioned  above  but  also  the 
weaker  bands  Vj  and  V2 ,  It  takes  into  account  the  temperature  variation  of 
the  formation  and  relaxation  rate  constants,  and  it  behaves  reasonably  in 
the  limit  of  low  number  density.  Its  mathematical  form  is  similar  to 
Archer's  model,  and  thus  it  is  well-suited  to  existing  atmospheric  radiance 
codes.  Using  this  second  model,  calculations  of  upper  atmospheric  radiance 
were:  performed  for  normal  atmospheric  conditions,  as  described  in 
Subsection  4.2.  Tlie  atmospiieric  conditions  correspond  to  those  of  Kofsky 
et  al^^^^  for  the  sake  of  comparison. 

The  normal  atmosphere  radiance  predictions  from  the  current  model  are 
found  to  be  even  smaller  than  Kofsky's  (by  a  factor  of  3  to  4).  For  a  95 
km  limb  view  the  predictions  for  the  ^2  •  ^3  *  *^3  hand  radiances  are 
0.000.  0.2,  and  0.03  W  km"^  sr"^  respectively.  Assuming  band  widths  of  0.7 
M  for  V3  (6.3  m)  and  0.5  p  for  Uj  +  V3  (3.7  p).  these  translate  into  peak 
radiances  of  3  x  10'^^  W  cm”^  sr'^  p"^  for  V3  and  6  x  10"^^  VI  cm“^  sr"*  p”' 
for  Vj  +  V3.  For  comparison,  in  the  normal  atmosphere  Archer's  predicted 
radiances  are  >  10“^®  W  cm~^  sr"'  p'^  over  the  entire  3  -  9  p  region,  and 
an  order  of  magnitude  larger  at  3.7  p  in  the  85  -  105  km  altitude  range. 

Th'’  results  for  the  normal  atmosphere  may  be  roughly  scaled  to  the 
disturbed  atmosphere  using  the  appropriate  NO  concentration. 
Unfortunately.  Archer  did  not  report  th«*  NO  concentration  used  in  his 
model.  However,  the  comparison  of  results  for  the  normal  atmosphere 
implies  lliat  Archer's  nuclear  scenario  radiance  estimates  are  too  high  by 


at  least  two  orders  of  magnitude  at  most  wave  1 '’ngths ,  witii  the  exception  of 
G.3  p  where  the  discrepancy  Is  about  one  order  of  magnitude.  Whereas 
Archer  predicted  substantial  radiance  throughout  the  infrared,  the  current 
model  (as  well  as  Kofsky's)  predicts  significant  emission  in  only  two 


bands , 


(6.3 


PJ 


and  Vj  >  V3  (3.7  p) 


In  conclusion. 


NO. 


chemiluminescence  in  a  nuclear  environment  is  not  nearly  as  important  as 
has  been  suggested.  However,  given  sufficient  NO  density  and  a  limb  view, 
emission  at  6.3  p  may  still  provide  a  non  negligible  nuclear  backgrourtd 
sciirco . 
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Finally,  having  In  hand  an  accurate  aodel  for  NO2  emission,  we  decided 
that  a  brief  look  at  the  Shuttle  ram  glow  problem  was  worthwhile,  inasmuch 
as  Mende  and  co-workers  have  proposed  NO2  as  the  source  of  this 
radiation  and  similar  glows  from  other  low  earth-orbiting  satellites.  The 
goal  of  this  Investigation  was  to  use  the  glow  spectrum  observed  in  the 
visible  region  together  with  our  NO2  continuum  model  to  derive  an  NO2 
vibrational  temperature,  and  then  predict  the  continuum  and  band  spectrum 
in  the  infrared.  The  Shuttle  glow  model,  results  and  comparison  with 
predictions  by  Kofsky  and  Barrett^^"*^  are  described  In  Subsection  4.3 
below.  In  brief,  the  Shuttle  glow  was  found  to  be  consistent  with  NO2 
continuum  emission  at  a  vibrational  temperature  of  around  3500  K,  and  a 
desorption  velocity  of  around  1.7  km/sec. 

4 . 2  Predicted  NO^  IR  Chemiluminescence  in  the  Normal 
Atmosphere 

4.2.1  Introduction 

Archer^^^  has  proposed  that  NO2  chemiluminescence  from  the  NO  *  0  and 
NO  *  O3  reactions  would  be  a  significant  source  of  atmospheric  background 
IR  radiance  in  a  disturbed  atmosphere.  Predicting  this  radiance  requires  a 
reliable  model  of  NO2  IR  emission  in  addition  to  knowledge  of  the  species 
concentrations.  Several  NO2  radiance  models  have  been  developed,  each  of 
which  uses  different  assumptions  and  gives  significantly  different  results. 
Archer's  model  assumes  the  WOE  rode^^^^  spectral  distribution,  which  is 
based  on  "theoretical  considerations  of  energy  conservation."  This  spectrum 
gives  all  three  fundamental  bands  a  comparable  Intensity,  and  also  includes 
numerous  overtone  and  combination  bands,  resulting  In  substantial  radiance 
throughout  the  LWIR.  A  second  model,  due  to  Kofsky  and  co-workers .  ^  * 
is  based  on  experimental  data  which  observes  roughly  a  10:1  ratio  of  V3  to 


25.  G.  R.  Swenson,  S.  B.  Mende,  and  K.  S.  Clifton,  J .  Geophys .  Res . .  1 2 , 
07  (1984). 


+  V3  Intensity,  with  no  other  bands  included.  Finally,  an  elaborate 
room  alure  model  for  V3  and  Vj  ‘  V3  chemiluminescence  has  recently 

been  developed  by  Adler-Golden , ^ and  gives  excellent  agreement  with 
laboratory  data  at  pressures  in  the  0.02  -  2  torr  range. 

In  tills  section  a  simple  NO2  IR  chemiluminescence  model  is  presented 
for  use  at  the  pressures  and  temperatures  found  in  the  upper  atmosphere. 
The  model  is  used  to  calculate  radiance  in  the  normal  atmosphere  in  the  80 
-  135  km  range,  where  comparison  can  be  made  with  the  predictions  of  both 
Kofsky^^^^  and  Archer.  Since  the  radiance  is  proportional  to  the  NO 
density  (all  else  being  equal),  the  calculation  may  be  extrapolated  to  the 
conditions  of  elevated  NO  expected  in  a  disturbed  atmosphere. 

The  current  model,  which  utilizes  the  results  of  Reference  26,  gives 
essentially  the  same  Infrared  band  emission  at  laboratory  pressures. 
However,  at  very  low  pressures  there  are  factor-of-3  differences  for  the  V3 
and  Uj  *  V3  bands,  and  furthermore  the  current  model  includes  new  bands  ( Vj 
and  V2 )  not  treated  previously. 

4.2.2  The  NO2  Chemiluminescence  Mechanism 

The  previous  modeling  efforts^^®)  have  shed  considerable  light  on  the 
detailed  molecular  mechanism  of  NO2  chemiluminescence.  We  summarize  below 
key  points  relevant  to  the  current  upper  atmospheric  problem. 

1.  Tlic  NO  +  0  reaction  (either  2-body  or  3-body)  initially 

yields  an  activated  complex  that  possesses  approximate  energy 
eqiiipartition  between  its  electronic  and  vibrational  modes. 

Tti  i  s  complex  relaxes  either  radiatively  (via  continuum 
emission)  or  co 1 1 1 s j ona  1  ly .  with  vibrational  equipartltion 
maintained  in  either  case  as  a  consequence  of  chaotic 
dynamics  in  the  excited  electronic  (^83)  state.  In  the  low 
pressure  (2  body)  limit  the  vibrational  distribution 
immediately  following  continuum  emission  is  characterized  by 
an  average  energy  of  about  5000  cm'  ^  , 


26.  S.  M.  Adler-Golden.  "The  NO  +  0  and  NO  +  O3  Reactions:  I.  Analysis  of 
NO2  Vibrational  Chemiluminescence,"  SSI-TR-112,  Spectral  Sciences, 
Inc.,  under  AFGL  Contract  No.  F19628-84-C-0029  (July.  J986) 
(reproduced  in  Appendix  D) .  Air  Force  Geophysics  Laboratory  Rpt.  No. 
AFGL  TR-87 -0223. 


The  NO  ♦  O3  reaction  directly  yields  NOg  in  vibrational 
equipartition.  The  nascent  state  distribution  is  close  to 
statistical,  with  an  average  energy  of  about  6000  cm  ^  . 
These  conclusions  are  consistent  with  trajectory 
calculations  as  well  as  the  shapes  and  absolute 

Intensities  of  the  continuum  and  IR  band  spectra. 

During  collislonal  relaxation  of  vibrational ly  excited  NO2. 
equipartition  between  the  Vj  and  V3  inodes  is  approximately 
maintained,  resulting  in  a  -10:1  ratio  of  Vg  to  Vj  +  V3 
emission.  This  Indicates  that  Vj  and  V3  quanta  are 
col  1 i sional ly  removed  with  comparable  rates.  This  behavior 
is  consistent  with  either  rapid  Intermode  V-V  coupling,  or 
similar  V-R,T  rates  for  Vj  and  V3 ,  or,  as  suggested  by 
studies  of  vibrational  deactivation  in  other 
tr iatomi cs , ^ ^  a  blend  of  the  two  mechanisms.  No 
information  is  available  on  the  relaxation  of  V2  ■  In 
triatomlcs  such  as  03.*^®^  CO2. and  the  rate  of 

Intermode  coupling  is  roughly  comparable  to  the  rate  of 
relaxation  of  the  V2  mode,  leading  to  similar  effective 
quenching  rates  for  all  3  vibrational  modes.  Similar 
behavior  would  be  expected  for  NO2 • 

N02(v)  is  removed  by  atomic  oxygen  at  a  rate  which  is  close 

to  the  NO2  ♦  0  reaction  rate  of  9  x  10"^^  cm®  molec"^  sec"^  . 

Using  typical  N2.  O2  and  0  atom  densities  above  100  km 

altitude,  where  NO2  vibrational  emission  should  peak,  and 
assuming  NO2  vibrational  relaxation  rates  measured  in  the 
laboratory  for  N2  and  02.^®^'®^^  it  is  seen  that  most  of  the 
collislonal  removal  of  N02(v)  proceeds  via  reaction  with  0 
atoms  rather  than  relaxation.  This  means  that  even  if  the 
relaxation  assumptions  in  the  previous  paragraph  are 
inaccurate,  the  Impact  on  calculated  radiances  will  not  be 
large . 

The  Einstein  A  coefficients  for  emission  appear  to  be 

consistent  with  harmonic  oscillator  scaling  rules;  i.e.,  A  • 
V  for  fundamental  bands.  In  this  approximation,  and 
neglecting  overtone  and  combination  bands,  the  rate  constant 
for  radiative  removal  of  energy  from  a  given  mode  is  simply 
the  Einstein  coefficient  of  the  v=]  fundamental.  Breakdown 
in  this  model  may  occur  with  a  very  weakly  emitting  mode 
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such  as  Vj,  which  may  prefer  to  lose  Its  quanta  via  the 
stronger  Vj  +  Vg  combination  band.  Fortunately,  the  effects 
of  this  breakdown  would  be  seen  only  at  the  very  highest 
altitudes,  where  even  weak  bands  ar**  col  1 1  s  ional  ly 
unquenched . 

4.2.3.  Model  Description 

The  current  model  employs  equations  similar  to  Archer's  Eq.  (B  4).^^^ 

I(j)  =  [N0][0](k2  -  2k3j(M|})^(j)Q(j)  (6) 

i 

for  the  NO  <  0  reaction,  and 

I(j)  =  fN0]f03]ki*(j)Q(j)  (7) 

for  the  NO  ►  0  reaction,  where  l(j)  is  the  radiance  of  band  j  in 

photons- cm^  sec,  kj  is  the  NO  •  O3  rale  constant.  k2  and  k3  are  the  2  body 
and  3-body  NO  •  0  rate  constants,  ♦(j)  i‘=  the  quantum  yield,  and  QfJ)  is 
the  quenching  factor,  given  by 

Q(j)  ’  Aj/(^qi[Mi]  ‘  kolO)  4  Aj)  (H) 

1 

where  Aj  is  the  Einstein  coefficient  of  band  J,  qj  is  the  vibrational 
quenching  rate  constant  for  species  Mj,  and  Kq  is  the  rate  of  reaction  with 
0  atoms,  taken  ns  1  x  10"^'  cm^  molec'^  sec  ' . 

The  rate  constants  kj.  k2  and  k3  have  room  temperature  values  given 
prev  i  ous  1  y .  ^  ^  The  tempeiature  dependences  are  taken  from  Sharp^^'^^  for 

the  NO  >  0  reaction,  and  Borders  and  Birks^^'^^  for  the  NO  *  O3  reaction. 


33.  W.  E.  Sharp,  Planet.  Space  Sci..  32 .  257  (1984). 

34.  R.  A.  Borders  and  J.  W.  Birks,  J .  Phys .  Chem . .  86,  3295  (1982). 


Assunlng  that  about  5000  of  vibrational  energy  Is  deposited  in 
NO2  in  both  reactions,  and  assualng  equlpartltion  among  the  three 
vibrational  modes,  the  quantum  yields  are  1.1,  2.2,  and  1.0  for  V|,  V2.  and 
V3,  respectively.  q^  is  taken  as  5  x  10'*^  cm^  molec”^  sec'*  for  M  =  O2 
and  2  x  10'*^  for  M  »  The  Einstein  coefficients  are  taken  as  110 
sec'*  for  V3,  as  in  Reference  26.  and  0.02  sec'*  for  V2.  based  on  the 
measured  band  strength . The  Einstein  coefficient  for  the  very  weak  Vj 
band  is  unknown,  since  a  reliable  band  strength  is  not  available.  For  the 
sake  of  argument  we  take  the  value  0.01  sec'*,  which  probably  is  an  upper 
limit . 

Unfortunately,  this  model  does  not  provide  a  simple  way  to  derive 
effective  quantum  yields  for  overtone  or  combination  bands.  For  the 
present  we  shall  take  the  Vj  ♦  V3  band  intensity  as  0.1  of  the  V3 
intensity,  consistent  with  bo*h  experiments  and  modeling  at  laboratory 
pressures.  This  ratio  might  change  slightly  under  upper  atmospheric 
conditions,  however.  We  assume  that  emission  from  other  2-quantum  bands  is 
much  smaller  than  Vj  +  V3  emission,  and  can  be  neglected. 

The  current  formulation  is  fully  consistent  with  the  Reference  26 
model  at  laboratory  pressures.  However,  it  yields  factor-of-3  smaller  V3 
and  Vj  +  V3  radiances  in  the  low  pressure  limit.  This  is  because  the 
Reference  26  model  assumes  essentially  instantaneous  intermode  vibrational 
mixing,  causing  virtually  all  of  the  vibrational  energy  emitted  by 
unquenched  molecules  to  appear  in  the  strong  V3  band.  The  present  model 
takes  the  opposite  point  of  view,  and  assumes  that  the  energy  initially 
apportioned  to  each  mode  (i.e..  1/3  of  the  average  vibrational  energy) 
cannot  be  radiated  by  another  mode.  This  also  appears  to  be  the  point  of 
view  of  the  WOE  spectrum  used  by  Archer.  Put  another  way,  the  Reference  26 
model  assumes  an  effective  V3  quantum  yield  3  times  as  large,  and  an 
effective  Einstein  coefficient  1/3  as  large.  The  neglect  of  intermode 
mixing  in  the  present  model  means  *’  •  the  V3  radiance  may  be 
underestimated  and  that  the  predict  ^  and  Vg  radiances  may  be 


ovorcst i mat od  in  the  low  prossuie,  low  0  atom  limit.  Howj-ver,  as  explained 
in  patoKraph  l  of  Subsection  1.2.2.  the  N(l2  radiance  should  be  fairly 
insensitive  to  details  of  vibrational  rela.s.ilion  at  most  altitudes. 


1.2.1  Results 

'' 1  ■  ^2'  *  '^3  radiame.s  wei'e  calculated  using  tlie 

altitudes  .and  nighttime  0.  NO  and  0^  densities  shown  in  Table  3  of  Kofsky 
et  al.  (2.3)  j|,p  ^  densities  and  tempeiature  were  taken  from  the  U. 

S.  Standaid  Atmosphere  ^  The  input  data  are  given  in  Table  3.  and  tlie 
computed  radiances  are  given  in  Table  4.  Integrated  zenith  and  95  km  limb 
radiances  were  computed  for  the  Vg.  Vj  *  v^.  and  V2  bands,  and  are  given  in 
Table  5  in  Kofsky' s  units  of  w, km^-sr.  For  the  V3  and  Vj  *  bands  these 
values  turn  out  to  be  a  factor  of  3  to  5  lower  than  Kofsky's.  We  note  that 
Kofsky  assumed  slightly  differe/it  V3  and  Vj  *  V3  quantum  yields,  and.  more 
impottanlly.  neglected  N02(v)  quenching  and  leactive  removal  as  well  as 
temperature  dependence  of  k2  Roth  studies  finti  that  the  contribution  f i om 
the  NO  *  (),j  reaction  is  negligible  at  these  altitudes. 


TABLE  3.  ATMOSPHERIC  INPUT  DATA 
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U.  S.  Standard  Atmosphere,  197fi,  NOAA ,  Washington,  D.  C.  (Octoh 
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4.  CALCULATED  IR  BAND  RADIANCE 
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4.2.5  Discussion 


Although  the  present  Model  uses  equations  sinilar  to  Archer's,  a  very 
important  difference  is  the  use  of  different  Einstein  coefficients  (hence, 
different  quenching  factors)  for  each  band.  This  results  in  spectra  which 
are  strongly  dominated  by  V3  and  Vj  >  V3 ,  as  predicted  by  Kofsky  et  al. 
The  WOE  type  spectrum  assumed  by  Archer,  which  shows  comparable  emission  in 
all  bands.  Is  achieved  only  at  the  highest  altitudes,  where  the  intensity 
declines  rapidly  due  to  the  falloff  of  NO  and  0  densities. 

A  qualitative  explanation  for  the  altitude  dependence  of  the 
vibrational  band  radiance  in  the  100-120  km  range  is  as  follows.  Because 
of  the  large  V3  Einstein  coefficient,  this  band  is  essentially  unquenched, 
hence  it  roughly  tracks  the  [0](N0l  product,  which  peaks  at  110  km.  On  the 
other  hand,  the  weak  Vj  and  V2  bands  are  efficiently  removed  by  0  atoms, 
hence  these  bands  roughly  track  [NO],  which  is  nearly  constant  at  these 
altitudes.  At  lower  and  higher  altitudes  different  considerations  apply. 
At  135  km  all  the  bands  are  unquenched.  Below  100  km  all  the  bands  are 
quenched,  and  in  addition  the  3-body  contribution  to  the  NO  +  0  reaction  is 
important . 

Since  the  model  takes  advantage  of  laboratory  data  on  the  strong  V3 
and  Vj  ‘  V3  bands,  the  uncertainty  in  their  radiances  is  low,  probably  no 
worse  tlian  a  factor  of  2  for  most  altitudes.  The  largest  errors  probably 
occur  at  the  highest  altitudes,  where,  for  example,  Vj  +  V3  may  be  enhanced 
by  the  reservoir  of  unquenched,  unradiated  Vj  quanta,  and  where  V3  may  be 
enhanced  by  energy  transfer  from  the  other  modes.  However,  at  these 
altitudes  the  total  chemiluminescence  will  be  limited  in  any  event  because 
of  the  low  densities  of  NO  and  0  and  the  finite  vibrational  energy 
available  from  their  reaction. 

The  uncertainty  in  the  V2  radiance  may  be  larger,  since  there  is  no 
chemiluminescence  data  for  this  band.  The  uncertainty  arises  mainly  in  our 
estimate  of  the  V2  quantum  yield,  which  may  lead  to  an  overall  uncertainty 
of  perhaps  a  factor  of  4,  the  lower  end  of  the  range  being  more  probable 
than  the  higher  end  because  of  the  possibility  of  more  rapid  quenching  of 
V2  compared  to  Vj  and  V3.  The  calculated  Vj  band  radiance  is  the  most 
speculative  of  all,  and  represents  an  upper  limit  because  of  its  extremely 


1-24 


snail  (and  unknown)  Einstein  coefficient,  coabined  with  the  possibilities 
of  losing  V]  quanta  via  alternative  channels  such  as  combination  band 
radiation  and  intermode  energy  transfer. 

In  conclusion,  while  large  uncertainties  nay  exist  for  the  radiances 
of  bands  other  than  and  Vj  *  V3 ,  this  is  not  a  serious  problem  for 
atmospheric  modelers  given  the  extremely  small  radiances  expected. 

The  V3  and  ♦  V3  band  radiances  nay  be  combined  with  typical 
chemiluminescence  band  shapes  to  yield  radiances  per  micron.  Since  the 
bulk  of  the  emission  arises  from  high-lying  vibrational  levels,  the  bands 
are  broadened  and  red  shifted  from  the  corresponding  cold  bands,  as  seen  in 
laboratory  data  as  well  as  the  Reference  26  calculations.  Because  of  the 
much  lower  pressures  studied  here,  resulting  in  radiative  casc.ide  as 
opposed  to  collisional  quenching,  the  band  shapes  may  be  somewhat  different 
than  in  Reference  26.  However,  any  reasonable  guesses  of  band  shapes  will 
yield  radiances  at  least  two  orders  of  magnitude  weaker  than  predicted  by 
Archer  (who  estimated  10”^®  to  10"®  W  sr"^  for  a  95  km  limb  view), 

except  perhaps  at  the  peak  of  the  V3  band  at  6.3  m.  where  according  to  the 

current  model  one  may  expect  around  3  x  10"^^  W  sr"^  • 

4.3  NO 2*  Emission  Model  for  Shuttle  Ram  Glow 
4.3.1  Introduction 

A  number  of  explanations  have  been  put  forward  for  the  visible  ram 
glow  off  the  Space  Shuttle.  Recent  measurements  by  Swenson  et  al.^^^* 

indicate  that  the  glow  spectrum  is  structureless  (at  34  A°  resolution), 
suggesting  that  the  emitting  species  is  electronically  excited  NO2  (NO2  ) 
formed  from  NO  0  surface  recombination.  Indeed,  the  Shuttle  glow 
strongly  resembles  the  spectral  distribution  obtained  in  laboratory 
m«-as\ircments  of  NO  +  0  recombination  at  moderate  pressures,  although 

it  is  shifted  slightly  to  the  red.  The  shape  of  the  NO2*  spectrum  depends 

37.  B.  D.  Green  and  G.  E.  Caledonia,  J.  Spacecraft.  22 .  500  (1985). 

38.  A.  Fontljn,  C.  B.  Meyer,  and  H.  I.  Schlff,  J.  Chem.  Phys.  .  _4j0.  64 

( 1964) . 

39.  M.  Sutoh,  Y.  Morioka.  and  M.  Nakamura.  J.  Chem.  Phys.,  72.  21  (1980). 
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on  its  stale  distribution,  and  therefore  varies  according  to  the  nechanis* 
by  which  it  is  produced,  and  the  degree  of  relaxation  present.  The  red 
shift  of  the  Shuttle  glow  spectrum  would  imply  that  the  NO2*  energy 
distribution  is  colder  in  the  Shuttle  glow  than  it  is  in  the  laboratory, 
presumably  due  to  rapid  energy  accommodation  on  the  tile  surface. 

This  section  describes  the  results  of  a  model  calculation  of  the  NO2 
nascent  distribution  required  to  simulate  the  observed  Shuttle  glow 
spectrum.  From  the  state  distribution  one  can  calculate  additional 
quantities  which  have  not  yet  been  mea.sured :  1.  the  effective  lifetime  of 

emission  at  a  particular  wavelength;  2.  the  shape  of  the  near  IR  portion 
of  the  spectrum;  and  3.  the  quantity  of  IR  band  radiation  from 
vi  brat  1 ona 1 ly  excited  NO2  From  the  emission  lifetime  and  the  known 
.spatial  extent  of  the  visible  glow  {around  20  cm^'*®^  one  can  estimate  the 
mean  velocity  of  desorption  from  the  surface,  which  may  also  be  expressed 
as  a  translational  temperature. 

4.3.2  Spectral  Modeling 

The  calculation  makes  use  of  an  empirical  expression  for  the  NO2* 

« 

continuum  spectrum, 


j  5  X  10  ‘^(E-10000  -  3.2  x  10~^  ( v  4000)^ 

''  (£-10000)3(1  4.  i,4e2  /  (E  9000)2) 

where  ly  is  the  emission  intensity  in  photons  sec' ^  per  cm  ^  ,  v  is 
frequency  in  cm'^,  and  E  is  the  (vibrational)  excitation  energy  in  cm' V 
It  is  assumed  that  the  states  identified  as  NO2  are  those  having  £211000 
cm'^;  thus,  lower  energy  states  emit  solely  in  IR  vibrational  bands.  I  y  is 
converted  to  intensity  per  A°,  by  multiplying  by  10”®e2.  This 

expression  has  been  used  successfully  to  simulate  a  wide  range  of 


10.  J.  H.  Yee  and  A.  Dalgarno.  AIAA-83  CP838,  AlAA  Shuttle  Environment  and 
Operations  Meeting.  2G60  (1983). 

41.  This  expression  is  an  earlier  version  of  Eq.  (3)  In  Ref.  42.  but  gives 
similar  results. 
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Figure  1. 


NO2  ContinuuM  Spectral  Intensity  as  a  Function  of 
Excitation  Energy.  E.  In  Order  of  Increasing 
Intensity.  E  =  13000,  16000.  19000,  22000.  and 
25000  cn"^ 


laboratory  NO2  spectra,  Including  spectra  of  NO  ♦  0  chemiluminescence. 
NO2*  laser  induced  fluorescence.  NO  +  O3  chemiluminescence,  and  NO2  thermal 
emission. *  The  dependence  of  I y  on  energy  E  is  shown  In  Figure  1.  where 
it  is  seen  that  both  the  absolute  intensity  and  the  peak  frequency  arc 
rapidly  Increasing  functions  of  E. 

For  the  sake  of  simplicity  the  nascent  distribution  [N02(E))  was  taken 
as  a  temperature  distribution,  and  the  classical  harmonic  oscillator 
density  of  states  (-E^)  was  used 


S.  M.  Adler-Golden.  "The  NO  *  0  and  NO  <  O3  Reactions;  II.  Analysis 
of  NO2  Continuum  Chemiluminescence."  SSI-TR-111,  Spectra]  Sciences. 
Inc.,  under  AFGL  Contract  No.  F19628  84-C-002<>  (July.  198f.) 
(reproduced  in  Appendix  E).  Air  Force  Geophysics  Laboratory  Rpt .  No. 
AFGL-TR-87-0223. 
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Figure  2.  Calculated  and  Observed  (Reference  25)  Tile 
Surface  Spectrum;  The  Observed  Spectrum  has  been 
Scaled  to  Match  the  Calculation. 

Overall  agreement  with  the  spectrum  observed  at  the  tile  surface^^^^ 
was  best  for  T -3500  K;  the  result  Is  shown  in  Figure  2.  where  for  the 
purpose  of  comparison  the  Shuttle  spectrum  has  been  scaled  to  match  the 
units  of  the  calculation.  Judging  from  the  sensitivity  of  the  spectral 
shape  to  temperature,  the  temperature  uncertainty  is  estimated  to  be  1000 
K.  The  sharp  falloff  beyond  -7000  A*’  in  the  observed  spectrum  cannot  be 
matrlied  for  any  NO2*  staff’  distribution,  even  if  a  non-thermal  distribution 
is  assumed.  However,  we  note  that  the  measured  spectrum  was  not  corrected 
for  transmission  of  the  window,  which  became  fouled  during  the  flight.  A 
preliminary  analysis  of  starlight  spectra  by  Green^'*^^  confirms  a  falloff 
in  window  transmission  at  long  wavelengths. 


12.  B.  D.  Green,  private  communication. 


4.3.3  Fleld-of-Vlew  Effects 


As  pointed  out  by  Swenson  et  al . ,  the  raw  glow  spectrum  will  vary  with 
viewing  geometry  If  there  Is  a  wavelength  variation  In  the  radi  tlve 
lifetime  of  the  emitting  species.  To  simulate  the  effects  of  difff'rent 
fields  of  view,  we  Incorporated  Equation  (9)  in  a  steady-state  continuum 

model  similar  to  that  of  Reference  42.  In  this  model  the  NO2  is  formed  in 
the  3500  K  nascent  distribution  and  is  removed  with  a  first  order  rate 
constant  kj  corresponding  to  the  rate  of  passage  out  of  the  field  of  view. 
The  resulting  spectral  intensity  I(kj)  is  given  in  units  of  photons/cm'^ 

per  molecule.  The  tile  surface  spectrum  shown  in  Figure  1  is  recovered  by 

taking  the  product  I(k|)k^  in  the  limit  of  large  kj,  l.e..  where  kj  exceeds 
the  fastest  radiative  rate. 

In  the  kj  =  0  limit,  I(kj)  may  be  Interpreted  as  the  spectrum  seen 
from  a  distance  when  viewing  the  entire  spacecraft,  that  is,  the  spectrum 

integrated  over  the  full  emitting  volume.  The  resulting  spectrum,  denoted 

1(0),  is  shown  in  Figure  3  along  with  the  tile  surface  spectrum;  the 

calculation  displays  the  IR  as  well  as  visible  wavelengths.  1(0)  is  red 
shifted  from  the  tile  surface  spectrum  because  the  large  field  of  view 
gives  the  lower  energy,  longer  lifetime  states  the  full  opportunity  to 
emit.  This  red  shift  is  especially  pronounced  in  the  NO2  molecule  because 
of  the  large  variation  in  radiative  lifetimes  with  excitation  energy, 

although  some  shift  is  expected  for  any  emitting  species  due  to  the 
factor  which  enters  into  Einstein  coefficients.  While  a  spectral 

dependence  on  viewing  geometry  was  indeed  anticipated  by  Swenson  et  al.. 
they  Incorrectly  predicted  a  blue  shift  rather  than  a  red  shift. 

4.3.4  Radiative  Lifetimes 

NO2*  emission  at  a  given  wavelength  can  originate  from  many  different 
states  with  a  range  of  radiative  lifetimes.  However,  it  is  shown  here  that 
one  may  derive  a  meaningful  single  "e?*ective"  lifetime,  t,  for  a  given 
wavelength,  resulting  in  a  greatly  simplified  glow  model. 
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then  T  =  1 /k  j .  For  our  second  estimate  of  T  we  note  that  Equation  (10) 
yields  I(k|)kj  I(0)/t  in  the  larne  kj  limit.  Thus,  Method  2  is  to  define 
T  as  the  ratio  of  the  volume  integrated  spectrum  to  the  tile  surface 
spectrum.  Since  the  T  values  computed  by  both  methods  (Table  C)  are  found 
to  agree!  reasonably  with  each  other,  the  effective  lifetime  is  indeed  a 
meaningful  concept. 


TAHI.E  0.  EFFECTIVE 

RAniATIVE 

LIFETI.MES  T(X)  (msec) 

X  (M) 

.Method  1 

.Method  2 

2.00 

1  .  1 

0.94 

1  .  43 

1  .  1 

0. 75 

1 .00 

0.49 

0.30 

0,77 

0.25 

0.21 

0 . 03 

0.14 

0.13 

0.50 

0.004 

0 . 004 

4.3.5  Continuum  and  Vibrational  Band  Intensities 

Predicted  total  continuum  and  IR  vibrational  band  (imission  intensities 
(integrated  over  all  wavelengths)  were  obtained  from  the  steady  state 
model,  and  are  given  in  Table  7  for  the  tile  surface  spectrum.  It  has  been 
assumed  that  the  3500  K  nascent  distribution  is  valid  for  all  ^(>2  energies, 
and  thus  describes  vi  bra  t  ional  )  y  excited  NO2  as  well  as  .VO^  * .  Since  this 
as.sumption  has  not  been  proved,  the  IR  band  intensities  should  be  taken 
witti  a  grain  of  salt.  However,  if  these  resiilts  are  qualitatively  eori'ect  , 
tlie  band  intensity  sliould  be  of  the  sam^  order  as  tlie  total  intensity  of 

tlie  visible  portion  of  the  svirface  glow. 

The  volume  and  wavelength  integrated  continuum  intensity  may  l)e 
rirrived  from  Figure  3,  which  yields  about  0.15  photon, molecule .  This  is 
close  to  the  fractional  NO2  pojuilation  at  3500  K  having  i  bra  t  i  oim  1  energy 
of  at  leas'  11,000  cm'^,  the  approximate  lower  limit  of  e.xcitation  tequired 
for  continuum  emission.  The  volume  integrated  vibrational  band  intensities 
are  cliff  ioilt  to  calculate  accurately,  as  they  lequire  a  good  me, lei  for 
radiative  cascade  of  NO2 ( v )  under  nearly  co  1  1 i s i on  f ree  conditicur; 


Vl*.'  V  V  V,VJVJVJVu'W> 


taull:  7 


ABSOLUTE  INTENSITIES  (Photons/MoJcc  per  sec)  OF 
CONTINUUM  AND  IR  BAND  EMISSION 


Total  continuum 


UoKovet  ,  .IS  discussed  in  Subsection  4.2.  th<'  strong  v.,  mode  may  l)i-  modeled 
reasoii.ibly  well  assuming  stepladder  radiative  cascade  with  a  radiative  loss 


rate  of  110  sec 


Combining  this  radiative  rate  with  the  tile  surface 


intensity  given  in  Table  7  yields  0.13  v.^  photon/molecule 
4 . 3 . G  Discussion 

The  Sliuttlc  glow  .spectrum  was  previously  analyzed  in  terms  of  NO2 
recombination  by  Swenson  et  al.’^^*  and  Kofsky  and  Barrett.  Swenson  et 

ill.  ilssumed  an  NO2  lifetime  of  70  nsec,  leading  to  a  tiiinslal  ional 
temperature  of  -10,000  K  from  the  known  spatial  extent  of  the  g^ow  in  the 
visible  region.  The  current  calculation  f:ivnrs  a  longer  lifetime;  if  w<> 
take  the  average  lifetime  in  the  visible  region  to  be  represented  by  X-6000 
A‘’,  then  from  TiibJe  6  t-120  psec .  This  longer  lifetime  yields  a  desorption 
velocity  ol  about  1.7  km/sec,  corresponding  to  a  translational  temperature 
not  very  different  from  the  vibrational  temperature  of  3500  K. 

The  current  calculation  predicts  about  one  photon  per  continuum 
photon,  a  factor  of  3  sm.aller  than  predicted  by  Kofsky  and  Pairetl. 
However,  these  predictions  are  rather  uncertain  aiui,  fur thermoi  c . 
additional  IR  radiation  in  the  vicinity  of  the  Shuttle  may  be  generated  if 
unexcited  Nn2,  which  would  m.ike  up  the  bulk  of  the  NO2  foimed,  is  capable 
of  collisional  pumping  hy  incoming  0  atom  flux. 

It  is  hoped  that  llic  current  pre<l  i  <.  t  i  ons  of  the  emission  lifetime, 
ne.ir  IK  spectrum,  and  IR  hand  spectrum  will  he  helpful  in  determining 
whethei  NO2  is  indeed  the  true  source  of  the  Slnitth'  glow. 
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5.  CONCLUSIONS 


As  described  In  greater  detail  In  Section  2,  the  main  results  of  the 
analytical  program  were  the  calculation  of  accurate  Einstein  coefficients 
for  emission  from  vi brational ly  excited  ozone,  and  the  development  of  a 
quantitative  model  for  NO2  infrared  chemiluminescence  in  the  upper 
atmosphere.  These  results  should  have  sufficient  accuracy  for  current 
atmospheric  modeling  needs.  We  do  not  believe  that  significant 
improvements  are  possible  using  theoretical  techniques  alone,  and  would 
Instead  recommend  exparimental  studies  If  better  accuracy  or  increased 
confidence  is  required  in  the  future.  In  addition,  byproducts  of  this 
program.  which  include  improved  techniques  and  computer  codes  for 
vibrational  states  of  small  molecules,  an  NO2  continuum  model,  and  a  model 
for  the  Shuttle  ram  glow,  will  be  applicable  to  other  upper  atmospheric 
radiation  problems. 
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1  .  INTRODUCTION 

N'trir  oxido  In  the  upper  atmosphere  both  diirinR  quiescent  and 
disturbed  conditions  form  a  major  source  of  infrared  radiation  in  the  ?  7 
to  3.3  urn  and  the  5.3  to  6  pm  bands. When  electrons  interact  with  the 
natural  atmosphere,  ionization  forms  odd  nitropen  in  the  form  of  N(^P). 
N(^D)  and  NC^S)  which  in  turn  react  with  atmospheric  oxypen  to  produce  SO 
in  vibrational ly  excited  states.  The  emission  of  these  chemiluminescent  NO 
molecules  provide  a  major  source  of  infrared  emission  in  the  disturbed 
atmosphere.  Once  produced,  the  SO  cftn  either  react  with  other  species,  or 
he  pumped  up  into  high  vihrationa)  levels  by  atomic  0  to  provide  more 
radiation.  The  amount  of  NO  formed  during  the  production  reactions  is  of 
vital  importance  in  the  morpholftgy  of  subsequent  chemistry  as  even  a  small 
mixing  ratio  of  NO  would  greatly  change  the  ion  composition  during  a 
nuclear  disturbance.  Since  the  chemiluminescent  reaction  could  be  a  small 
fraction  of  the  total  formation  of  NO.  the  measurement  of  production  NO  in 
the  vibrational  ground  state  was  attempted.  This  production  rate  is  in 
turn  found  to  be  highly  dependent  on  the  imbalance  of  N(^n)  to  Nl'’*^!  formed 
in  the  interaction  of  electrons  and  N2 . 

The  total  NO  formed  due  to  continuous  dosing  of  the  atmosphere  reaches 
a  steady  state  concentration  at  which  point  the  formation  of  No  just 
balances  the  removal.  Since  ato-’lc  nitrogen  is  both  the  main  formation  and 
the  main  removal  channel  for  NO.  the  equilibrium  NO  concentration  meas\ires 
the  ratio  of  the  reaction  rates  times  the  relative  production  rate  of 
dottblet  nitrogen  to  quartet  nitrogen. 

.Veasurements  were  carried  out  In  the  small  LAOCEDK  facility  to 
determine  the  amount  of  ground  state  NO  formed  by  electron  beam  bombardment 
of  N2  and  O2.  Since  the  total  production  of  NO  in  the  v  =  1  though  13 

W.  P.  Reidy,  T.  C.  Degges ,  A.  0.  Hurd,  A.  T.  Stair.  Jr.,  and  J.  C. 

IJlwick,  "Auroral  Nitric  Oxide  Concentration  and  Infrared  Emission." 

J ■  Geophys .  Res . .  87 .  3531  (1382). 

2.  n.  E.  Caledonia  and  J.  P  Kennealy,  "NO  Infrared  Radiation  in  ttie 

Upper  Atmosphere,"  Planet .  Space  Scl .  .  30,  10-13  (1982). 


V  i  iM'at  iotiii  1  levels  has  been  determined  through  omission.*^  the 

currespotuli ng  frnctionnl  production  of  NO  in  the  ground  vibrational  state 
would  complete  the  picture  of  the  interaction  of  electrons  with  t h»> 
ntmospheir.  The  airrount  of  NO  formed  in  the  tank  is  measured  in  absorptiorr 
by  monitoring  the  the  absorption  of  a  single  rotation  line  in  the  v  -  0 
level  This  signal  is  proportional  to  all  of  the  NO  formed  in  the  v  -  0 
level  plus  all  of  the  NO  cascading  to  this  level.  The  steady  state 

concentration  of  NO  within  the  tank  is  a  measure  of  the  NO  which  can 

contribute  to  interpretation  of  the  data  during  both  transient  absorption 

and  emission  mensiirements .  Since  the  beam  produced  NO  may  participate  in 
both  the  kinetics  and  the  subsequent  emission,  its  absolute  concentration 
within  the  t  lianibei'  must  be  determined.  The  transient  build  up  of  NO  during 
the  eli'cti'on  beam  pulse  is  also  of  Importance  in  determining  the  total 
III  inching  ratio  for  NO  formation  mechanisms. 

The  following  sections  will  describe  the  measurements  carried  out  in 
cAfU  CDF. .  The  experimental  technique  is  described  in  Section  2.  Section  3 
describes  the  measurements  made,  Sr'ction  4  presents  a  model  of  the 
observat  iorts .  and  Section  5  presents  a  comparison  of  the  model  to  the 

experimental  results.  Section  G  presents  tl:e  summary  and  conclusions. 
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EXPERIMENTAL  TECHNIQUE 


2  . 

Measurements  of  NO  absorption  were  made  usinjT  a  Spectra  Physics  PhSSe 
diode  laser  in  the  small  LARCPDF  facility  at  the  Air  Force  Geophysics 
Laboratory.  These  measurements  were  done  In  two  phases;  steady  stale 
measurements  averafjinn  over  a  pulsed  electron  beam  excitation.  and 
transient  measurements  attemptinr;  to  see  the  build  up  of  NO  with  time 
durinf^  a  single  electron  beam  pulse.  While  these  measurements  used 
essentially  the  same  apparatus,  different  techniques  were  used  to  extract 
the  information.  Limits  are  placed  on  the  total  sensitivity  of  each 
measurement . 

2 . 1  Steady  State  Measurements 

The  experimental  arranfjement  for  measurinfi  the  total  steady  state 
build-up  of  NO  in  the  test  chamber  due  to  continuous  operation  of  the 

electron  beam  Is  shown  in  Fltrure  l.  The  llpht  from  a  lead  salt  ttinable 

diode  laser  is  directed  through  a  monochromator  to  select  a  single  laser 
freqtiency  mode  and  then  directed  throujjh  the  LABCF.OE  test  chamber  The 
laser  lii:ht  is  reflected  off  of  a  spherical  mirror  with  30  cm.  radius  of 
curvature  'n  back  of  the  chamber,  directed  back  throuEh  the  test  chamber 
and  brought  to  focus  on  a  llECdTe  detector.  A  ZnSe  flat  is  placed  in  the 
path  between  the  monochromator  and  steering  optics  in  order  to  introduce  a 
visible  laser  beam  for  alignment  This  flat  allows  approximately  R0\  of 
the  light  to  reach  the  LABCEUE  chamber,  while  redirecting  40%  of  the  light 
into  a  reference  cell  filled  with  pure  NO.  This  cell  is  tised  to  identify 
the  laser  absorption  feature  to  be  measured  in  the  test  chamber.  The 
actual  line  being  studied  was  identified  by  comparing  the  monochromator 

position  to  positions  of  NO  lines  measured  by  Amiot  et  al.^^^  The  HgCTlTe 
detector  could  he  moved  to  behind  this  reference  cell  to  pitivide 

7.  C.  Amiot.  R.  Bacis.  and  G.  Guclachvili.  "Infrared  Study  of  the  1  I v  - 
0.  1,  2  Levels  of  ^'^N^^O.  Preliminary  Results  on  the  v  -  0.  1  F.eve !  s 
of  and  Can.  J.  Phys..  251  (1978) 
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F'iRiirc  1.  ScheHiatic  Desifyn  of  l.AncEDF.  Tunable  Diode  Laser 
Absorption  Arrangement. 

Terisiii'(''Tifnts  of  Doppler  and  colJisional  line  widths  of  t  ho  NO  line  of 
interest  under  known  steady  slate  conditions.  Provision  was  made  to  swing 
the  ZnSe  beam  splitter  nut  of  the  field  of  view  to  recover  the  40%  light 
lost  (luring  He  Ne  laser  alignment. 

The  double  pass  of  the  laser  light  formed  a  40  cm  absorption  path  within 
the  test  chamber.  In  order  to  gain  sensitivity  for  detecting  very  weak 
transient  signals  within  the  chamber,  a  40  pass  White  cell  design  was 
inlrndiiced  into  the  chamber  for  some  of  the  measurements.  The  added  path 
allowed  for  the  additional  sensitivity  necessary  to  measure  the  v  ^  1  to  v 

2  transitions  of  NO  in  order  to  tie  the  absorption  measurements  tn 
mt'asiirement  s  made  previously  in  the  same  facility  Oisturbantes 
tn  the  flow  within  the  system,  as  well  as  etalons  formed  by  the  overlap  of 
imaged  laser  light  within  the  the  White  cell,  however,  limited  the 
iis(-!  11 1  ness  of  this  apprt'ach 


amplifier  which  is  phase  locked  to  the  frequency  scan  rate  of  the  laser 
The  signal  from  the  detector  is  also  fed  into  a  storace  oscilloscope.  This 
allowed  for  sampling  of  the  iieam  Intensity  during  each  run.  Absorption 
measurements  are  made  within  the  chamber  by  current  tuning  the  diode  laser 
through  the  absorption  feature. 

By  modulating  the  laser  at  half  the  detection  lock-in  f requenev .  the 
curvature,  or  second  derivative,  of  the  absorption  feature  was  determined. 
This  second  derivative  signal  is  particularly  sensitive  to  sharp  srn'rtral 
features,  and  forms  a  good  rejection  for  wavelength  dependent  inteiisity 


variations  as  introduced  by  the  monochromator  slit  fiinclion 


Since  the 


second  derivative  signal  is  directly  proportional  to  the  direct  absorption 
signal  when  the  absorption  is  small,  the  steady  state  NO  concentration  can 
be  related  to  its  absorption  coefficient  and  determined  by  observing  a 
single  vibration-rotation  line.  The  assumption  being  that  the  state  s  in 
rotational  thermal  equilibrium. 

A  gain  factor  is  introduced  because  the  lock-in  amplifier  does  not 
actually  take  the  second  derivative,  but  instead  compares  th('  laser 
intensity  at  the  detector  at  two  relatively  close  frequency  locations.  The 
second  harmonic  signal  from  the  lock-in  is  thus  also  a  function  of  the 
modulation  depth,  a  function  of  how  much  the  signal  changes  between  the  in 
phase  and  out  of  phase  components.  Because  the  rate  of  change  in  intensity 
is  large,  it  is  impractical  to  measure  the  exact  frequency  change  that  the 
laser  tunes  through  to  determine  the  modulation  depth.  This  problem  is 
gotten  around  by  introducing  a  known,  calibrated,  concentration  of  NO  in  a 
background  of  N2.  to  provide  the  proper  collislonal  broadened  line  shape, 
into  the  absorption  path  and  comparing  the  measurer!  concentrations  to  this 
standard . 

The  absorption  signal  is  also  a  function  of  the  total  light  intensity 
whr’M  there  is  no  absorption.  Since  the  seconrl  derivative  was  used  for  the 
p’^imary  measurement,  the  determineri  concentration  was  not  a  function  of  t  ite 
change  in  intensity,  but  only  to  the  intensity  itself.  This  absorption 
free  laser  intensity  was  gotten  by  measuring  on  the  two  sides  of  tiie 
absorption  feature  and  interpolating  to  the  line  center.  Tlie  intensity  was 
measured  simultaneously  to  the  second  derivative  when  there  was  Ir-ss  than 


Hi 


1%  absorption  by  chopping  the  laser  signal  and  feedinfr  th'’  resultant 
('hopped  signal  into  a  second  lock  in  afrplifier.  This  sif^nal,  phase  locked 
to  the  chopper  frequency,  provided  an  instantaneous  monitor  of  the  laser 
intensity.  Since  the  laser  intensity  appeared  to  chance  only  a  few  percent 
over  a  period  of  minutes,  this  chopper  was  often  turned  off  in  the  open 
position  durinc  absorption  measurements  within  the  tank.  in  order  to 
increase  the  duty  cycle  of  the  measurements. 

2 . 2  Transient  Measurements 

The  experimental  arrangement  for  moasuring  the  transient  build  up  ol  .\’fi 
in  the  vicinity  of  the  ionization  region  in  I.ARCiEDK  was  essentially  the 
s.imf'  as  shown  in  I' i  cure  1  except  all  t  hrt'e  lock- in  amplifiers  are  used 
s  1  I'll  1 1  atieous  1 V  .  The  light  passing  through  the  referenee  cell  is  directed 
into  a  second  HgCdTe  detector  whose  signtil  is  fed  into  a  lock-in  amplifier. 
For  making  transient  measucements .  this  signal  is  used  to  wavelength  lock 
the  laser  so  that  it  scans  only  across  the  absorptioti  feature.  This  is 
accomplished  through  a  current  feedback  loon,  based  on  taking  the  phnsf' 
sensitivf'  output  from  the  lock-in  amplifier  and  re  i  ntroduc  i  ntt  it  into  the 
laser,  thus  modulating  the  laser  into  the  peak  of  th.e  absorption  featurt'. 

S’ nee  the  phase  sensitjvf'  detector  compares  the  signal  at  zero  phase 
will  that  at  180”.  the  voltage  output  from  this  detector  is  proportional  to 
•'ll’  "'isTatch  of  the  atisorption  cross  sect'on  at  a  wavelength  shorter  than 
the  center  of  the  absorption  f('ature  to  the  absorption  cross  section  at  a 
wa\'(' !  ctigi  h  longer  than  the  center  frequency,  giving  a  first  derivative 
signal.  This  resulting  waveform  goes  to  zero  when  the  c ross - sec t i nns  on 
the  two  sides  of  the  maximum  absorption  are  exactly  equal,  coi respond ing  to 
t  hr-  zceo  slope  at  th(’  line  center.  This  phase  sensitive  output  voltage  is 
useri  as  an  error  voJtage  and  added  to  the  current  drive  ot  the  laser,  such 
that  that  the  laser  tunes  to  a  waveletigth  to  exactly  balance  tin' 
r  ’'OSS  s(’c  t  j  ons  at  either  end  of  of  the  absorbing  line.  The  resulting  error 
voltage  would  then  be  identically  zero,  preventing  further  tuning  the 
'aser  Ry  modulating  the  laser  at  a  frequency  wfiich  is  much  higher  tha.n 
most  noise  components,  the  laser  is  made  to  sit  at  the  absorption  maximum. 
'))  praetier',  the  modulation  freqttency  was  'imited  to  2  kHz  due  to  the 
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hysteresis  in  the  diode  frequency  response.  This  is  sufficient  to 
compensate  for  all  drifts  in  laser  frequency  on  a  100  ms  time  scale  or 
lonjjer.  The  laser  would  remain  phase  locked  to  the  NO  absorption  for 
periods  of  hours. 

The  laser  1 ipht  passing  through  the  test  chamber  was  modulated  l)y 


changes  in  the  absorption  signal.  This  change  is  due  to  two  effects; 
frequency  "'odulation  across  the  absorption  feature  anti  change  in  the  total 
NO  concentration  within  the  tank.  Thus,  by  modulating  the  electron  beam, 
changes  in  absorption  which  are  in  phase  with  the  electron  beam  would  be 
due  only  to  the  transient  increase  in  NO.  The  steady  state  concentrat ion 
of  NO  in  this  chamber  was  measured  by  locking  the  absorption  signal  onto 
the  laser  modulation  frequency.  The  fractional  change  in  signal  across  the 
absorption  line  is  then  compared  to  the  total  throughput  intensity  of  the 
electron  beam.  This  absorption  was  then  compared  to  the  absorption  signal 
seen  when  a  reference  amount  of  NO  Introduced  into  the  test  chamber.  Hy 
locking  into  the  phase  of  the  pulsed  electron  beam,  multiple  transient 
measurements  of  NO  production  can  be  summed.  If  the  laser  modulation  is 
also  locked  to  the  electron  beam  pulse,  the  transient  NO  concentration 
would  be  measured  by  comparing  successive  electron  beam  pulses  on  a 
transic.'nt  recorder,  thus  Increasing  the  signal  to  noise  ratio. 

There  are  several  sources  of  noise  which  limit  the  signal  to  noise  of 
this  experimental  ar''angement .  hence  the  ultimate  sensitivity  of  measuring 
the  instantaneous  production  of  NO  in  the  ground  state.  These  are 
discussed  below. 


2.3  Absorption  Sianal  Detection 


The  measurement  of  the  absorption 
of  NO  within  the  LABCEDE  facility 
concentration  of  NO  (v  -  0)  within  the 
signal  is  given  by  the  Bouguet  -Lambert 


by  a  single  vibration-rotation  line 
could  be  easily  converted  into  a 
test  chamber.  The  direct  absorption 

law 


whf're  I  and  1°  are  the  transmitted  and  incident  intensities,  respective] y , 
and  is  the  absorption  per  unit  path  at  f roauency  V.  x  is  the  distance 
aionfi  the  absorption  path  and  L  is  the  total  path  length.  The  absorption 


is  equal  to  the  absorption  cross-section  cr  times  a  number  density  of 


absorbers  N; 


a^,(x)  =  [Nj  (X)  -  N^j(x)  jffj, 


where  Nj  and  are  the  number  densities  of  the  absorbers  in  the  the 


absorbing  level  and  in  the  level  that  they  move  into,  respectively.  These 


densities  are  functions  of  distance  along  the  absorption  path  x.  The 


absorption  cross  section  (t„  for  a  vibration  rotation  line  can  be  related  to 


its  integrated  line  strength  and  its  line  width. 


The  Doppler  broadened  absorption  cross  section  is  related  to  the 


integrated  line  strength  by  the  expressions 


o  r  1  n2  , 
cr"exp-[ - —  1 


ln2/'rr 


where  cr’’  is  the  cross  section  at  line  center,  S  is  the  integrated  line 


strength  in  cm,  and  b^  is  the  Doppler  half  width  equal  to 


b|,  =  •V21n2kT/mc^  =  3.58  x  10  ^-VT/MUjjj  (cm  h 


where  T  is  the  temperature  in  degrees  Kelvin,  is  the  fretjuency  of  the 

transition,  and  M  is  the  molecular  weight  of  NO.  equal  to  30.  For  the 
line  the  line  strength  at  low  pressurt*  is  calculated  to  be  .9  x 


rm^  for  each  of  the  two  lines  in  the  A  split  doublet. 


P .  K.  Falcone,  R.  K.  Hanson,  and  C ,  H.  Kruger,  "Tunable  Diode  Laser 
Measurements  of  the  Band  Strength  and  Collision  Halfwidths  of  Nitric 
Oxide,"  J.  Quant.  Spectrosc.  Radiat.  Transfer,  29.  20.5  (1983). 


>  «A*  m^Jt  M^<t  ikm»  -a^a  i 


observed  linn  intensity  is  given  by  ff  =  (rj(v)  +  ffg  ( '' )  Since  these  two 
lines  are  separated  by  only  30  MHz,  the  full  Doppler  broadened  lines  lie  on 
top  of  each  other,  and  would  appear  as  a  single  line  with  the  absorption 
cross  section  of  1.8  x  10“^^  cm'^  .  At  a  total  pressure  of  1  tore,  a  I"*; 
change  in  Intensity  at  line  center  is  equivalent  to  a  partial  pressure  of 
0.43  mtorr  NO  over  the  40  cm  absorption  pathlenglh  at  298  K. 

The  signal  due  to  NO  absorption  is  dependent  on  total  pressure  in  the 
tank,  as  the  lino  width  changes  from  the  Doppler  limit  to  collisional  limit 
in  going  from  1  torr  to  50  torr  total  pressure.  At  50  torr  the  absorption 
at  line  center  is  thus  a®  -  S/ifb,..  where  is  the  collisional  half  width. 
The  col  1 isional ly  broadened  absorption  cross  section  is  given  by 


w(Aa2  .  h^2) 

where  Ao  is  the  distance  from  line  center.  The  collisional  half  width  was 
experimentally  measured  by  fitting  the  line  shape  in  the  ref'-rence  cell  at 
the  appropriate  pressure.  Thus,  at  a  cell  pressure  of  50  torr.  this  line 
width  was  measured  to  be  2b^  =  0.0072  cm”^.,  corresponding  to  a  collisional 
line  width  of  2bp  =  0.109  cm“^  atm'^ .  Combining  Equations  (4)  and  (6),  the 
line  center  cross-section  at  50  torr  is 
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D  ^  bf,(itin2) 


This  cross  section  is  thus  a  factor  of  4.5  lower  at  50  torr  than  at  one 
torr.  Because  thr;  line  width  is  larger  at  50  torr,  there  is  also  an 
accompanying  apparent  line  shift  due  to  the  fact  that  the  absorption 
feature  is  actually  a  doublet.  While  the  center  position  of  each  line  i  rt 
the  doublet  is  constant,  the  adding  of  their  absorption  half-widths  in  the 
spectral  region  between  the  lines  introduces  some  asymmetry  to  each  line 
shape.  This  effect  is  particularly  important  in  the  ^\/2 
transitions  where  the;  A  splitting  is  on  the  order  of  300  MHz,  nr  0.01  cm' ^ . 
comparable  to  twice  the  collisinnai  1 ine-wldth . * ^ ^  Here,  the  cont r i hut i ons 


i 


A.  S.  Pine  and  K.  W.  Nlll,  "Molecular-Beam  Tunable-Diode  L.aser  Sub 
Doppler  Spectroscopy  of  A  Doubling  in  Nitric  Oxide."  J .  Mol.  Spec  . 
74 .  43  (1979) 


of  both  Jines  to  the  overall  height  in  the  region  between  the  low  lines 


create  an  additional  added  pedestal.  Ttiiis,  the  lines  appear  to  shift 


towards  each  other. 


Th(!  absorption,  equal  to  the  change  in  intensity  in  Fquat ion  (1),  must 


be  measuretl  as  a  time  varying  signal  tlue  to  the  nature  of  the 


pholocondvictor  detector.  This  AC  signal  can  be  measured  by  eithi^r 


modulating  the  laser  on  and  off  the  absorption  feature  or  by  modulating  the 


absorption  feature  into  and  out  of  the  path.  The  ratio  of  I/l”  can  be 


rewritten  as: 


I"  -  AI 


fll/jo 


and  for  sm:i!l  absorption  signals 


AI  2r  [Nj  (x)  -  N„(x|  ]dx. 


Thus,  by  cither  changing  v.  or  changing  N,  AI  becomes  a  varying  signal 


The  phase  locked  signal  used  in  obtaining  steady  state  NO 


concentrations  were  taken  by  modulating  the  laser  frequency  at  1/2  the 


reference  frequency.  Since  a  lock-in  amplifier  multiplies  the  Incoming 


signal  by  either  *  1  or  -  1  depending  on  ttic*  reference  phase,  the  resulting 


output  compares  the  light  absorption  at  nominally  three  frequencies.  Tho 


output  of  this  comparison  is  then  low  pass  filtered.  The  second  liarmonir 


s'gnnl  can  be  approximated  by 


(ie 1 1?('  ted 


<nu)  I{o  +  A/2)  ^  I((o-A)  Mu*A/2)> 


where  A  is  t  lu’  change  in  u  ov'er  the  tot. a  I  excursion  of  the  saw  tooth  laser 


(Mirrent  modnlation.  The  intensity  1(0  *  A,'2)  assumes  a  linear  laser 


f’-eiiuencv  tuning  with  current  effects  of  non  linear  frequency  tuning  with 


current  modulation  introduces  a  frequency  b:as  to  1  detected 
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The  sij»n<il  detected  in  Equation  (10)  is  seen  to  be  a  measure  of  the 
second  derivative  of  the  direct  absorption  signal  times  a  constant.  Tiiis 
measurement  is  directly  proportional  to  the  intensity  at  the  three 
frequencies  of  interest  and  is  in  turn  insensitive  to  small  changes  in 
intensity  with  time.  This  sipnal  is  also  directly  proportional  to  the 
number  of  absorbers  in  the  path  and  provides  a  maximum  siErnal  at  line 
center.  Combining  Equation  (10)  with  Equation  (6)  we  see  that  the  total 
detected  signal  is  also  a  function  of  the  modulation  depth  A.  These 
effects  are  discussed  more  in  the  signal  to  noise  analysis. 

From  the  above  discussion  if  is  seen  that  the  detected  signal  is 
directly  proportional  to  the  difference  In  number  densities  between  the 
lower  and  upper  states  of  the  absorbing  transition.  Because  the  signal  is 
also  a  function  of  the  modulation  depth  A,  which  must  be  dctermin(!d  with 
respect  to  the  width  of  the  col  1 isional  ly  broadened  line,  the  final 
calibration  was  obtained  by  Introducing  a  known  column  density  of  NO  into 
the  LABCEDE  chamber.  Thus,  by  introducing  1  torr  of  0.11%  NO  in  N2, 
together  with  49  torr  of  pure  N2.  a  signal  equivalent  to  1%  absorption  was 
observed.  The  second  derivative  signal  was  then  maximized  and  compared  to 
that  measured  in  the  chamber  dur'ng  electron  beam  operation. 


^jpur 


3.  EXPERIMENTAL  MEASUREMENTS 


Moaswrements  wore  rrade  in  the  LABCrUF.  facility  iisin^  the  technique 
described  in  the  previous  section.  The  operating  conditions  consisted  of 
flowing  N2  with  trace  quantities  of  either  O2  for  NO  formation,  or  NO  for 
calibration  through  the  chamber.  The  total  pressure  within  the  chamber  was 
maintained  at  a  nominal  5<^  torr  for  the  majority  of  the  measurements.  One 
set  of  measurements  was  also  taken  which  systematically  varied  the  total 
pressure.  The  flow  rate  of  fresh  gas  was  adjusted  to  provide  3.81  stand. 

#  o  _  e  \ 

1 /min.  to  match  the  conditions  used  by  Green  et  al.''  '  The  O2  pressure 
was  varied  from  0.1  to  10  tore,  while  decreasing  the  N2  pressure  to 
maintain  the  overall  pressure  and  flow.  The  gases  were  introduced  Into  the 
chamber  at  a  point  opposite  the  electron  gun  aperture  and  pumped  out 
through  both  the  beam  apt^rture  and  though  a  valved  port  at  the  bottom  of 
the  chamber. 

The  election  beam  was  provided  by  a  Pierce  gun  which  produced  a 
collimated  beam  of  electrons  at  nominally  O.l  kV  and  1  mA.  Measurements  were 
taken  with  a  beam  current  ranging  from  0.3  mA  to  2.2  mA  and  a  beam  voltage 
varying  from  25  to  40  Kv .  This  beam  was  pulsed  on  typically  1.5  ms  and  off 
for  23,5  ms.  Both  the  repetition  rate  and  the  duty  cycle  of  the  electron 
beam  were  varied  through  the  experimental  set.  The  steady  state 
measurement  of  NO  was  measured  by  slowly  tuning  through  one  rotational  line 
’n  the  V  0  vibrational  manifold  while  modulating  the  laser  frequency  to 
measure  its  second  derivative.  Once  the  peak  of  the  derivative  signal  was 
rs  t  ah  1  i  shed .  the  laser  was  allowed  to  sit  on  this  peak  while  transient 
measurements  were  taken. 


3 . 1  Observed  Steady  State  Signals 

The  absorption  signal  by  NO  in  stecady  state  was  taken  using  the  second 
derivative,  or  2f  procedure  outlined  in  the  previous  section.  A  typical 
signal  during  a  frequency  scan  is  shown  in  Figure  2.  This  trace,  of  the 
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TYPICAL  SECOND  DERIVATIVE  SIGNAL 


LASER  FREQUENCY  . 024cn’ Vnorken 


Fifturc  2.  TypicaJ  Chart,  Recording  of  Second  Derivative 
Spectra  Due  to  NO.  This  Trace  is  of  the  NO  (v  = 

0)  P,i(lR,5)  Doublet  Taken  at  1.5  torn  O2  in  49 
tore  Ng .  Secondary  Peaks  are  Due  to  an  F.talon 
Having  0.0167  cm"'  Spacing. 

Pj^(16.5)  doublet  of  the  NO  v  =  0  shows  a  very  slight  negative  curvature  in 
the  backgrotind.  a  slight  overmoduiation  in  the  and  a  very  distinct  etalon 
structure  due  tr)  the  White  cell  optics  used  in  the  particular  measurement. 

Typical  steady  state  measurements  of  NO  within  the  chamber  for 
different  O2  pressures  is  shown  in  Figure  3.  Here,  one  peak  of  the 
Pjj(16.5)  NO  V  =  0  doublet  was  used  In  determining  the  absorption.  Other 
operating  conditions  in  this  figure  are  35  kV  at  1.5  mA  and  2.2  mA  electron 
beam  at  a  1/20  fl\ity  cycle,  1.25  ms  beam  on.  23.5  ms  beam  off.  The  NO 
within  the  chamber  is  seen  to  Increase  with  O2  pressure,  reaching  an 
asymptotic  limit  of  5.16  x  lo'"^  cn"^  mean  density  averaged  over  the  15  cm 
path  in  the  chamber,  or  3.5  x  lo'''  cm'^  mA"'. 
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Finiirr  3.  Variation  of  NO  Produced  with  Og  Pressure;  Normalized  to  1 
mA  Beam  Current.  The  Squares  Represent  Data  Set  Taken  with 
13  mA  Nominal  Beam  Current.  Diamonds  Represent  2  mA 
Nominal  Current. 


The  dependence  of  NO  on  the  Og  concentration  appeared  to  be  linear 
between  1  and  2  torr.  and  increase  slower  with  O2  pressure  above  2  torr. 
Measurements  of  NO  when  there  was  1/2  torr  of  Og  in  the  mixture  was  a 
factor  of  3  to  A  less  than  for  1  torr  of  O2 .  The  resultintr  dependence  of 
NO  rni-TTiation  on  O2  <  tuis  formed  an  "S"  shaped  curve. 

An  entire  matrix  of  runs,  varying  beam  vo!tat;e,  current,  and  duty 
cyc'e  were  made.  The  NO  formed  within  the  chamber  appeared  to  be  linear  in 
eicrtron  current.  Figure  4  shows  the  variation  of  the  NO  column  density 
■  orned  K  i  t  li  i  n  the  chamber  as  a  function  of  electron  beam  current.  The  .no 
build  up  within  the  tank  is  seen  to  vary  Jinearly  with  beam  current. 
PM’.ure  3  was  thus  also  normalized  to  1  mA. 

The  duty  cycle  was  varied  by  both  chanpinp;  the  pulse  period  and  the 
tot.il  repot  it  ion  rate  of  the  beam.  *='iftiire  5  shows  the  same  No  build  up  as 
show  in  Ficure  3,  except  with  the  conditions  of  2.7  ms  beam  on.  followed  by 
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V 


NO  COLUMN  DENSITY  (cm 


1. 


5.  V'anaiion  ni  nw  mujjci  ip  wjtn  U2  I'rpssurc  usjnr 
.75  tnA  Boan  Cui  rent .  Total  Prpssurn  In  Charbpr 
was  Kept  at  50  tnrr,  Ng  Comprising  of  the 
Rptnnininft  Pressure.  The  Squares  ami  Piamonrls 
Kepresent  Two  Separate  experiment  Sets. 


in  the  chamber  for  beam  created  NO  to  move  out  of  I  he 
measured  by  waiting  for  steady  state  to  be  established 
e  electron  beam.  This  beam  shut  off  was  accompanied  tiv 
)m  the  fie'd  of  view.  The  reaction  times  fnr  tir)th  .No 
plus  Og  and  NO  removal  by  N(''s)  have  time  scales  on  ttie 
Thus,  the  disappearance  and  reappearance  of  NO  was 


ir  - 1  r, 


NO  COLUMN  IJENSIFY  (cm 


EFFECT  OF  BERM  DUTY  CYCLE 


0  '.10  100  150 


E-BERM  REPETITION  RRTE  (Hz) 

Fif'iirf'  R.  The  Effect  of  Electron  Beam  Duty  Cycle  on  the  NO 
Produced.  The  Electron  Beam  Pulse  Time  was  Kept 
Constant  at  2.7  ms  and  the  Beam  Repetition  Rate 
Varied.  The  Maximum  Duty  Cycle  was  thus  1/3. 

controlled  hy  diffusion  and  flow  of  the  beam  c'-eated  NO  into  on  nut  of  t  In^ 
field  of  view.  The  approach  to  steady  state  population,  either  after 
tiirninn  on  or  off  the  electron  beam,  is  character izetl  by  a  time  t(i  e) 
3.4  ±  .8  seconds  under  these  conditions.  This  is  shown  in  Figure  7 


11-17 


TIME  FOR  NO  TO  REACH  STEADY  STATE 


2  10  20  30  H0  50  G0  70  80  90  100 


TIME  (seconds) 

Finure  7.  NO  Absorption  Signal  when  Klectron  Bram  is  Turned 
On  tind  Off.  The  Mean  T’to  to  Reach  Steady  State 
is  5.4  ±  0.8  Seconds  When  no  White  Cell  Flow 
Obstructions  are  in  Place.  Much  Longer  Times  for 
NO  Disappearance  was  Observed  with  White  Cell  in 
Place . 

3 . 2  NO  Renoval  by  Beam  Created  Species 

A  second  set  of  e.xpcrimcnts  were  carried  out  where  there  was  only  N2 
and  NO  within  the  test  chamber.  Here,  in  the  absence  of  O2 .  when  the 
I'lertron  beam  was  turned  on.  th»;  NO  disappears.  These  measurt'ments .  where 
one  atnm’c  N  produced  destroys  one  NO  molecule,  give  a  measure  of  the  total 
N  Corned  by  the  direct  elc’ctron  beam.  By  titrating  the  NO  to  zero 
I'otiu  i  a  t  !  on ,  we  can  measure  the  net  N  atom  production  in  the  LABCFOK  tank. 


The  .iirount  of  NO  destroyed 

was 

a  f  iinct  i  on 

of 

t  lie 

the  el  ec 

:  t  non 

beam 

iirrenl  and  the  total  NO  within 

t  hf* 

rha"‘liec  . 

Th  1  s 

is 

shown  in 

r i geep  H 

n  these  measurements,  the  atomic 

n  !  t  r  ogeii 

f  ormed 

within 

t  he 

beam 

irradiated  region  destroys  the  NO  introduced  with  the  N2  into  the  chamber 
Oncc'  the-  NO  within  the  beam  core  is  dest-nyed,  the  additional  N  diffuses 


^/TVirVirv 


NO  REnOVni  BY  BERM  SPECIES 


ra 


0.0  0  .  ?  0 .  'I  0  .  G  0  .  B 


ELECTRON  BERM  CURRENT  (no) 

^’if^nre’  «.  Variation  of  NH  Concentration  with  hi'am  Current. 

Normalized  to  lOO  When  Beam  is  Off.  F.  lectron 
Beam  Voltage  was  35  kV'.  Ream  on  Time  l  .  R  ms,  Beam 
Off  23.5  ms 

towards  the  walls  of  the  chamt>er  until  NO  is  encountered.  Since  no  Og  is 

introduced  into  the  chamber.  N(^I))  is  quenched  to  Nl'^S)  by  .  The  NO 

titrated  from  the  chamlier  in  th’s  manner  is  thus  equal  to  all  of  the  N 
formed  by  the  beam  plus  all  of  the  NO  destroyed  by  reactions  such  as  NO  * 
Ng  -♦  NO*  »  N2  Once  attain,  the  initial  chemistry  is  much  faster  than  the 

diffusion  time.  As  the  NO  is  destroyed,  however,  the  N('^S)  builds  up 
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indicative  of  recirculation  within  the  chamber  caused  by  the  White  cell 
optics.  The  disappearance  of  the  NO  when  the  beam  is  turned  on  is  a 
measure  of  the  removal  of  NO  upstream  of  the  field  of  view  by  reaction. 
This  time  scale  should  bo  approximately  equal  to  the  mensure  of  the 
reaction  time  for  N  to  remove  NO. 

3.3  Transient  Measurements 


Transient  measurements  were  attempted  uslnp  the  experimental  technique 
fiescribed  in  the  previous  section.  The  maximum  sensitivity  to  changes  in 
NO  column  density  on  a  millisecond  time  scale  was  3  x  10^^  cm“^  of  NO  in  v 
=  0,  lor  1000  seconds  of  averapinR.  This  corresponds  to  a  mean 
concentration  of  3  x  10^^  cm'^  spread  over  the  20  cm  path,  estaiil i shi nn  a 
minimum  mensurable  density  of  5  x  10^^  cm~‘^  spread  over  Ihtt  5.5  cm  diameter 
cloud.  Transient  signals  within  the  field  of  view  were  not  detectable  at 
these  levels,  thus  putt  inn  an  upper  bound  on  the  chance  in  NO  v  ^  0  per 
electron  beam  pulse 

3 . 4  Signal  to  Noise 

Noise  Proportional  to  the  Absorption  Signal 

The  noise  that  is  proportional  to  the  absorption  sicnal  constitutes  a 
fundamental  limitation  on  the  ability  to  detect  tjme  dependent 

eoncent rat i on  chances  in  the  presence  of  a  steady  state  NO  population.  The 
macnitude  of  this  noise  is  (ietcrmined  by  frequency  instability  in  th(' 
laser.  Even  though  the  liriewidth  of  the  laser  is  on  the  order  of  10 
cm'\  jitter  in  the  absolute  frequency  of  the  laser  due  to  both  thermal  and 
current  variations  limit  the  line  width  to  10^'^  cm“^.  This  wirier  jitter 
line  width  was  found  to  be  not  random,  but  to  carry  both  120  Hz  and  3  Hz 
components,  corresponding  to  t  hfr  line  and  cooling  compressor  t  r  eipienc  i  es  , 
respect i vc 1 y . 

The  inherent  laser  frequency  jitter,  Av  j ,  is  responsible  for  most  of 
the  experimental  limitations.  The  magnitude  of  this  feequoncy  jitter  can 
be  measured  directly  by  introducing  a  known  quantity  of  NO  into  the  I.AFtcFOK 
chamber  and  measuring  the  signal  fluctuation.  The  intensity  fluctuations 


due  to  frequency  jitter  when  the  laser  ’s  tuned  to  the  renter  of  the 
absorption  line  can  be  estimated  as  follows; 


(11  ) 


where 


Act 


*  b,,2 


(12) 


niiri  whr-f-e  flj  represents  the  frecpienrv  Jitter  In 


cm 


is  the 


cross-section  at  line  center,  Is  the  colllsional  half  widtti  at  the 


rliamber  pressure  where  the  measurements  are  taken,  anti  N1  is  the  column 
density  of  the  SO.  At  50  torr  N2.  the  colllsional  half -width  is  0 , 00.16 


cm"^  Thus,  a  0.001  cm‘  '  jitter  width  would  appear  as  a  change  in 


absorption  of  5.6^,  or,  when  the  steady  state  NO  concentration  is  10^^  cm”^ 


the  minimum  dfitectahJe  change  in  NO  would  in>  on  the  order  of  6  x  10^^  cm 


T.his  changing  signal  can  tie  enhanced  somewhat  hy  using  phase  locking 
technitpies  to  reject  changes  not  in  pliase  with  the  electron  beam 
Multiples  of  the  120  Hz  frequency  which  are  nearly  coincident  with  odd 
multiples  of  the  electron  beam  repetition  rate.  however,  are  nearly 
impossible  to  reject. 

The  laser  is  somewhat  stabilized  by  using  a  feedback  circuit  to  lock 
the  laser  frequency  to  the  peak  of  a  Doppler  broadened  NO  reference  cell. 


Py  substituting  b^  in  Tqiiat  ion  (.1).  for  in  Equation  (2),  a  smaller 


change  in  Au  would  result  in  comparatile  changes  in  fli  or  Ij.  Thus,  hy 
locking  the  laser  into  a  Doppler  broadened  NO  cell,  a  20  dll  error  voltage 
could  narrow  the  jitter  frequency  to  2  x  10"'^  cm  '  .  The  requirement  is 
that  the  feedback  voltage  must  have  a  frequency  response  which  is  much 
higher  than  jitter  frequency.  I'requeiicy  locking  using  the  present  lock-in 
ampliliers  thus  easily  rejected  the  .1  Hz  temperature  modulation  on  the 
laser,  however,  did  not  appear  to  effect  the  120  Hz  f requemey  ripple 


Noise  ProDortlonal  to  Laser  Power 


There  is  noise  in  the  output  signal  1 r  cen  the  signal  channel  which  's 
propori  lonal  to  the  laser  ;riteris-ty.  but  ■  nciepenclen t  of  atisorption  This 


noisr  has  froqiirncy  components  which  contain  both  120  Hz.  with  an  amplitude 
to  approximately  2%  of  1q,  and  3  Hz.  with  an  amplitude  of  approximately 
0.5\  of  Ip. 

These  frequency  components  were  seen  within  the  second  derivative 
sean.  In  addition  to  these  noise  sif^iials.  thr're  was  also  a  bins  from  zei'o 
in  the  second  derivative  scan,  which  indicated  a  I'urvature.  or  non  lineal- 
chance  of  iritcu'^ity  witli  frequeiny. 

One  possible  (explanation  for-  the  laser  related  noise  is  the  frcqneiK  y 
iir.tability  of  the  laser.  All  fluctuations  of  laser  power  at  12  the 
reference  fi'etiuency  or  odd  hai'monics  of  that  frequency  result  in  a  sivn.-il 
which  is  equivalent  to  the  ahsoiption  signal.  One  such  fluctuation  is  due 
to  tlie  variation  of  the  detected  laser  power  with  wavelength.  The  laser- 
power  var  ies  by  lO'o  when  the  laser  is  tuned  through  .011  cm  V  This  effect 
can  be  traced  partly  to  the  slit  width  of  the  monochromator  which  is  used 
to  separate  the  different  laser  modes.  In  order  to  reject  laser-  modes 
which  ate  0..')  cm"^  from  the  mode  of  interest,  the  monochromat  or  s' it 
font  t  inn  must  be  set  siirli  that  there  is  at  least  5%  chatigo  in  signal  ovei- 
OM  cm  '  The  other  part,  of  the  variation  of  \;-iser  intensity  with 
wavelength  can  be  traced  to  thi'  manner  in  which  the  wavelength  is  tiint-fl. 
The  current  to  tire  laser  diode  both  heats  the  diode,  tuning  it  to  a  highet- 
froqurncy,  and  provides  the  number  of  transitions  fop  the  lasing,  changing 
its  intensity.  The  laser  internity  thus  inrreases  when  it  is  tuned  to 

shorter  wave  1  enf.t  hs .  Hy  sittiiu;  on  the  right  side  of  the  monorh’omat  or 

slit,  some  of  this  effect  c  .in  be  (.aneeli'd.  Similatly,  by  using  the  sc'cnnd 
'ieiivative  signal,  only  the  cutv.ttuie  of  I(u)  is  me.r-.m-c'd .  However,  t  li  i  s 
was  not  always  nnssible.  as  the  Inr.ition  of  the  mnniuhi 'una  t  ri|-  slit  ib  peiuit- 
on  the  specti-al  Icication  of  the  competing  modes.  Tlic'  slope  of  intc'nsity  vs 
current  was  different  for  differ-ent  laser  lines.  Wliile  the  intensity  of 
the  laser  in  all  modes  goes  up  with  curr-ent  .  the  actual  intensity  slope 
depends  on  the  fiaction  of  curr-ent  driving  the  particular  mode  being  used, 
wbic  li  c  Ii  iiigc.'S  dui  ing  tile  c  ourse  cif  a  day. 

Note  th;it  a  curvature  is  me.isoc-cd  by  the  signal  .given  in  fcpiai  ion  (10) 
when  the  monochromator  is  centc-recl  on  the  laser  frequency.  The  amount  ol 
curvature  is  infinite  for  a  perfect  triangular  slit  function.  Therefore, 

the  smaller  the  modulation  depth.  the  larger  the-  app.irenf  iiiiv-atuic 
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bpco'nf"^.  Wlipn  thr  A  in  F.qimlion  (10)  is  sp1  to  ntaximizo  tho  absorption 
linn  signal,  the  signal  flv\e  to  the  monoihromator  produces  a  signal  iiaving 
the  rragnittuics  of  equal  to  0.5%  absorption  bv  the  line. 

Other  Noise  Sources 

Klectror’.ic  noise  primarily  due  to  the  noise  induced  by  tlu' 
preamplifiers  also  contribute  to  th(?  inle.nsity  related  noise.  Since  any 
intensity  coming  from  the  laser  is  mult  ip] 'ed,  the  amplifier  noise  always 
appears  on  top  of  the  intensity  which  is  Ix'irig  measured.  For  a  laser  power 
of  Ty  -  60  MW,  amplifier  noise  introdiu'es  an  intensity  fluctuation 

erpiivalent  to  1%  peak  to  peak  The  component  a^  2f  leads  to  an  AC 

oiitpul  noise,  AS^  =  .5%  S  peak  to  peak,  which  is  equivalent  to  an 
absorption  due  to  .8  mtorr  .MO  . 

ki "liJl?.  of  Sensitivity 

Currently  the  fluctuations  in  laser  Intensity  is  a  approximately  four 
times  the  electronic  noise.  After  averaging  the  detection  limits  are  as 
foil ows : 

For  time  resolved  detection  with  1ms  time  resolution,  the 
limiting  noise  is  the  120  hz  light  noise,  which  Is  of  a 
comparable  frequency  to  the  signal  of  Interest.  After  1000 
repetitions  of  the  experiment  the  noise  level  is  equivalent  to 
the  absorption  signal  resulting  from  a  rhangr;  of  .MO  column 
ilcnsity,  8  x  10^^  em'^. 

‘■fir  steady  st.ite  detection  of  NO.  the  limiting  noise  is  f nim  ,8  ir/. 
laser  light  fluctuations  caused  hv  t  lie  crvcooler  pump  cv'  !e 
Alter  .80  seconds  of  averaging  the  noise  's  equivalent  to  a  .MO 
column  density  of  2  x  lo''^  cm  ^ .  Potii  of  these  limits  are  below 
the  atisorption  signal  limit  for  tibserving  transif'nts  in  the 
P’'t-se!tf:e  of  a  backgrouno  cnncerii ''at  i  on  of  .MO 
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4.  MODEL  OF  NO  PRODUCTION 


This  sr-ction  presents  a  motlr  1  of  the  cheTiistrv  and  fluid  morhanies 
which  occur  within  the  LABCEDE  chamber  ioadinp  to  Nf)  absorption  Tliis 
mode),  tofjetiicr  with  the  data  presented  in  the  previous  sections,  sets 
hounds  on  the  total  hranchlnt;  of  atomic  nitroeen  formed  in  the  initial 
ionization. 

Tn  order  to  model  the  eJectron  beam  induced  chemistry,  an  estimate  must 
be  first  made  on  the  total  amount  of  irradiation  by  the  electron  beam. 
Since  the  absorption  measurements  are  integrals  through  the  electron  beam 
excited  cloiul,  some  averatfinfr  is  naturally  present  in  the  measurements. 
.Nonlinear  chemistry,  therefore,  such  as  the  effects  of  d  i  ssoi- i  a  t  i  ve 
recombination,  could  introduce  errors  in  taking  the  averaged  approach 


4 . 1  Ionization  by  Electron  Beam 

The  ion  pair  production  rate,  as  a  function  of  distance  away  from  the 
eJectron  gun  aperture  is  given  by  the  formula; 


d  (  i  .  p . 
dt 


I  (o"^dE/dX)o 


2eWtr  r, 


where  I  is  the  beam  current,  o  is  the  gas  density,  e  is  the  electron 
charge,  W  is  the  energy  required  to  create  an  ion  pair.  34. R  eV  in 
n  i  trogen ,  ^  ^  ^ '  ^1/2  beam  '■adius  encompassing  half  the  beam  current, 

and  o'^  dE/dX  is  the  local  energy  deposition  rate,  a  function  of  the 
distance  from  the  electron  gun.*'* 

The  electron  beam  emerging  from  the  gtin  is  spread  due  both  to 
collisions  with  the  Ng  and  from  space  charge  effects.  I'sing  the  spread 


10.  0.  N.  Whyte,  Radiation  Research,  18,  255  (1963) 
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mn.tsurcd  by  Centpr,'  '  where  the  beam  cuirenl  was  low  enouRli  to  have  no 
spare  effects,  ttu'  beam  radius  an  axial  distance  of  8  cm  from  tlie 

(pm  apertiii'('  is  f’V  thick  tai^et  limit  fni'mula; 


e  -  tan'^li-j  2'^'  -  2 .  7  x  lO^^(NL)  ^  (14) 

V{ J- lO^^V) 

wheie  N  is  the  number  density  of  Nitropen.  !.  is  the  distance  from  the  Run, 
and  V  is  the  electron  energy  in  kV .  Tims,  ij.2  ~  2.35  cm  for  L  8 

cm.,  and  3.83  cm  at  11  cm.  respectively  Substituting  ^i'2  into  Efpiation 


(13)  gives  approximately  9.18  x 

loi"' 

i.p. 

cm 

3  s  ’ 

ma  '  ^ 

f  or 

the  axial 

distance  of  8  cm.  One  half  of 

all 

t  lie 

il’ni 

j  s 

assumed  to  be 

contaiiu'd  i  ti  a  (.ylinflei  of  radius 

2.35 

cm  . 

Wc 

assume 

that 

the 

rema i n i ng 

half  of  the  current  is  uniformly  distributed  over  the  remaining  path 

between  the  mirrors.  Thus,  the  column  ion  density  is  5 .  .5  x  10^^’  i.p.  cm  ^ 
s' ^  ma  ’  '  , 

The  1  m.a.  current  in  LABCEDE  provides  some  space  chati’.e  spreading 
which  tends  to  broaden  the  beam  somewhat  near  the  gun.  Its  effect  would  be 

to  cause  an  effective  L  of  somewhat  larger  than  the  physical  distance  L 

This  effect  is  still  small,  however,  compared  to  the  spreading  due  to 

elect  ron  scatter  . 

Tlie  distribution  of  electron  deposition  outside  the  beam  core  has  been 
measured  by  Cohn  and  Ca 1 edon i a . * ^ ^ *  They  scale  their  measurements  to  a 
practical  range  given  by  the  relation 

R  -  2.00  v"  ■’  p  cm .  (15) 


11.  K.  F.  Center,  f’lural  and  .Multiple  Sc.ittering  of  Fast  Flectrotis  in 
Oases.  "  Phys  .  Fluids,  1 .4  3  (1070) 

12  \  Cidui  and  G  .  F.  Caledonia.  "Sp.itial  !)  i  ■■  1 1  i  bu  t  j  nn  of  the  Fluoresront 


'iT  r-rfi  r*^  r^. 'V'  -^  r 


Fifciifo  10.  Noi-malizPd  f’oiiil  Intensity  Profile  Versus  r  I.  for 
Given  Z/L  From  Cohn  and  Ca  1  orlon  i  a  .  ^  ^  ^ 


where  p  is  t.lie  density  in  Tore,  and  V  is  tlie  beam  energy  in  kV .  Fc'r  a  .T." 
kV  tieam,  the  prarlicai  range  R  is  26.2  cm.  Thus,  L  H  0.305.  rignre  10 
shows  their-  measurements  of  relative  energy  deposition  rate  at  tliis  and 
ot  lier  .1.S  i  a  I  si  at  i  nns  . 

Once  t  lie  ionization  takes  plaep.  chemistry  between  the  beam  rreated 
species  on  urs  in  the  region  wheie  the  energy  is  deposited  imi  il  convective 
motion  or  diffusion  spreads  out  the  new  species  The  time  scale  foi 
rliffusion  at  r>0  loi-r  thioiigh  the  volume  inscribed  by  the  2.35  cm  radius  is 
on  the  or  (lei  of  0  2.5  seconds.  The  flow  time  out  of  the  the  beam  irradiati'rl 
regitin  is  on  the  order  of  6  seconds 


4 . 2  Effects  of  Diffusion  and  Flow 

Ttip  steady  state  mcasiirpments  of  NO  are  alonR  the  line  of  sight  of  the 
laser  beam  traversing  the  LAHCEDE  chamber.  Diffusion  of  NO  from  the 
formation  volume  consisting  of  the  beam  irradiated  region  defines  the  NO 
concentration  at  the  edges  of  the  tank.  The  diffusion  coefficients  for  NO 
and  N  diffusing  through  50  torr  of  N2  is  3.8  anti  4.9  cm^s^\ 
respect i ve 1 y . ^ ^ ^ ^  Since  the  majority  of  the  NO  formation  chemistry  has 

time  scales  on  the  order  of  m.  i  1 1  iseconds .  most  of  the  atomic  nitrogen  has 

bf?en  remo\-cd  hv  reaction  before  it  has  a  t-liance  to  diffuse  or  flow  out  of 
the  2.35  CT  radius  cloud.  Even  if  not  all  of  the  atomic  nitrogen  formed  in 

this  core  region  has  reacted  with  O2 ,  the-  excess  atoms  would  quickly  find 

NO  To)('cules  and  react  with  before  migrating  to  the  walls.  The  only 
important  diffusion  time  scale  is  that  for  NO  formea  in  the  central  core  hy 
react  tons  of  N  and  O2  diffusing  from  this  central  core  during  the 
observation  time.  Hence,  steady  state  measurements  of  NO  are  measures  of 
.VO  formed  primarily  in  the  central  core  and  later  spreading  to  other  parts 
of  the  chamher.  As  the  NO  is  removed  from  the  central  core,  it  both  moves 
downstream  towards  the  (rlectron  gtin  aperture  and  across  the  Irradiated 
'•egion  towards  the  pumpinft  port.  Some  of  the  NO  also  diffuses  across  the 
chamber,  staying  within  the  line  of  sight  of  the  absorption  path,  while  the 
rest  diffuses,  or  is  otherwise  transported  out  of  the  absorption  path. 

The  time  taken  for  the  NO  to  djsnppe.nr  from  the  absorption  field  of 
view  was  measured  hv  simply  following  the  absorption  signal  with  time  after 
electron  beam  shut-off.  Since  the  time  r'ujuircd  for  all  of  the  relevant 
chemist  TV  to  take  place  happens  in  a  few  m  i  I  I  i  seconds ,  the  NO  absorption 
signal  seen  after  that  time  is  flue  to  NO  formed  upstream  of  the  absorption 
if'g.'on  and  either  flowing  or  diffusing  into  the  volume.  Since  fresh  gas  is 
pumped  into  the  chamber  at  a  known  rate,  the  volume  of  the  interaction 
region  upstream  of  the  atTsorpfion  path  is  measured  f^or  the  majority  of 
t  h('  expec  rents,  the  flow  rate  of  fresh  gas  into  t  lie  chamber  was  adjusteci 
to  ei  st.ind  !/  min.  Ti’. :  s  rate,  togetfier  with  the  chamber  pressure  and 

13  T  H  Var  rero  ari'l  I'  A  M.ason ,  "Gaseous  Diffusion  Goefi  1  dents .  "  J_ 

I'hys  r  hem.  Ref _ Pa  t  a  .  1,  1  (1972), 


the  measure  of  the  refill  time  provides  a  volume  of  approximately  4.92  x 

O  O 

10  cm  of  beam  excited  gas  upstream  of  the  absorption  region.  llsini'  llu; 
very  crude  assumption  of  plug  flow  through  the  chamber,  this  voiiime  flow 
rate  corresponds  to  a  3  cm  s“^  velocity. 

The  effect  of  diffusion  on  the  spread  of  NO  within  the  t.Tnk  can  best  be 
assessed  by  looking  at  the  an  initial  distribution  of  NO  which  is 
proportional  to  the  electron  dosing  geometry  and  following  the  diffusion 
independent  of  the  flow.  If  we  assume  that  the  initial  distribution  of  No 
after  formation  is  in  the  form  of  a  cy 1 i ndr i cal  1 y  symmetric  cloud  of  radius 
given  in  Equation  (14).  whose  distribution  is  a  Oaiissian  in  which  the  beam 
intensity  drops  to  1/2  of  the  centerline  value  at  a  distance  r^  from  the 
cr;nter.  The  effects  of  diffusion  are  approximated  by  the  an  expanding 
cylinder  of  NO  by  solving  the  axi  symmetric  relation; 


a^fNOl  ^  1  a[N0j  _  1  ^[NOj 

r  ir  n  it 


(16) 


where  the  initial  condition  is 


(N0](r.0)  =  [N0|„(0)cxp  -  (ln2  r^/  r^,)  (17) 

where  (NOj^(n)  represents  the  centerjine  concentration  of  NO  at  zero  time 
Sinre  ! NO  I  IS  considered  not  to  be  destroyed  after  the  first  few 
m )  !  I  1  sef:onds ,  the  renter!  inc  concentration  decrease  with  time  is  a  fiiiirtion 
only  of  diffusion  and  motion.  The  time  dependent  absorption  signal 
measiirps  the  path  integral  of  f  tie  NO  density: 

a 

■—  ^  exp  2(jf  (N0)(r.t)dr  (’81 

'n  J 

-a 

where  a  is  the  absorption  cross  sr-rtion.  a  and  a  ;ire  the  '■ridial  d :  s  t  .rui's 
from  the  axis  to  the  window  and  mirror,  respect  ively  The  effect  o! 
diffusion  on  the  integrated  patti  is  thus 

I  ( t  -  0)  ( 1  ‘nt/rp,2  )  ’ 


li 

dt 


(19) 


whrrp  the  diffusion  coefficient  for  NO  into  Ng  is  3.8  cm^s  and  the 
initial  radius  of  the  cJoud,  r,- .  is  2.35  cm.  In  the  absence  of  flow, 

ll 

diflusion  would  change  the  measured  densitv  at  the  central  core  by  a  factor 
of  2  after  6  seconds,  comparable  to  the  flow  time.  This  would  correspond 
to  a  central  core  becoming  a  factor  of  -V3  broatier.  The  measured  column 
density  woulti  change  from  5.5  x  10^^  to  3.28  x  10^^  cm^^,  or  decrease  by 
40’^. 

In  order  to  take  into  accnurit  the*  effet:ts  of  flow  and  diffusion  a 
simplified  picture  of  bulk  transport  is  used.  The  l/e  disappearance  time 
as  measured  in  Figure  7  was  used  to  provide  a  unimoleculnr  disappearance 
rate  for  aii  beam  created  species.  These  rates  are  also  equivalent  to  hriw 
radiative  decay  is  treated  in  the  model.  Ng  and  (>2 ,  introduced  through 
bottled  gas.  were  assumed  to  change  only  due  to  reat'tion.  as  their 
replenishment  rate  was  assumed  equal  to  the  removal  rate. 

Since  the  chemistry  was  treated  by  assuming  a  top  hat"  profile  with  a 
core  region  defined  by  F.quation  (14).  and  remaining  ionization  equally 
spread  over  the  lemainder  of  the  chamber.  it  is  somewhat  of  an 
underestimate  of  the  total  column  density.  Diffusion  out  of  this  "top  hat 
was  assumed  to  he  completely  lost,  also  iinderest  i  meat  i  ng  the  total  column 
However,  these  effects  are  canceled  by  using  the  observed  rhange  in  column 
as  the  time  scale  for  loss  of  species  from  the  central  core. 


4.3  Cnenistry  in  the  LABCEDE  Chambe?" 


iince  the  total  lon'/al'on  rate  has  been  established,  the  etiemistry  (.in 
,’)i-  studied  tiy  modeling  all  of  t  h»'  kinetic  piocesses  which  may  rontribiite  to 
lie  'oT'-ation  of  NO  This  chemistry  was  modeled  by  using  a  modified 
ve-sinn  of  the  Sand  i  a  I.atinrator  i  es  CMiVKlN  code.^^'^^  The  reaction  rates 


used  ’n  this  code  are  a  (  otii  i  1  a  t  i  on  from  ir  iny  sources.  Those  not  referenc'd 
are  from  the  DNA  Handbook.*’’'  The  formation  of  NO  was  found  highly 

I'  H  .)  Kee,  J  A.  .Miller  and  T  H.  Jefferson.  "CHEMKIN:  A 


i.inc’-al  Purpose,  Problem  Independent.  Transportable.  Fortran  OliemicaJ 
K  itetirs  (ode  Package,'  Sandia  l.alior  a  t  or  1  es  Hpt  ,  No.  SANDHO  8003 
(  I  !)!!()  I 

.V  H  Portner  and  T.  Baurer.  'Reaction  Rate  Handbook  Second  Edition." 
Dc'fensc  Nuclear  Agency  Rpt  No  IINA  104HH  (.'•arch  1072). 
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dependent  on  the  branchinR  rntin  in  the  atomic  nitroRen  formation.  NO  is 
primarily  produced  by  the  reaction  of  N(^D)  with 

N(^D)  *  O2  -♦  NO  +  Q  k  -  6  X  10"  ^2  pn,3j,-l  ,2o) 

and  destroyed  by  reaction  with  Rround  state 

N('‘S)  ♦  NO  -*  N2  +  0  k  =  3.4  X  10"-Vm^s-1.  (2!) 

The  obse''\-rd  NO  concentrations  arc  therefore  strnnR  functions  of  t  lu' 
relative  populations  of  these  two  electronic  states.  NitroRcn  ato'^s  are 
produced  in  three  ways;  throuRh  direct  dissociation  of  N2  by  the  primary 
electrons  p’'oduce(l  in  the  electron  beam.  throiiRh  recombination  reactions  of 
the  primary  ionic  products  with  sei-ondary  electrons,  and  by  charRc  transfer 
reactions  of  the  primary  ionic  products  followed  by  recombination 
reactions.  NitroRen  atoms  are  also  subject  to  chemical  reaction  with  other 
species  to  compete  with  Reactions  R(20)  and  R(2])  in  the  production  and 
destruction  of  SO. 

■^he  measured  concentration  in  LABCEDE  is  the  actual  population 
difference  between  the  population  of  a  sinRie  vibration  rotation  level  of 
NO  in  the  ground  vibrational  level  compared  to  the  correspond] or  population 
in  the  (v  =  1)  level  of  that  transition.  The  production  of  NO  Rround  state 
population  on  the  time  scale  of  the  electron  beam  pulse  is  dominated  by  the 
formation  of  v i brat i onal ly  excited  NO  in  Reaction  R(?0),  and  subsruurni 
vibrational  relaxation  of  NO  to  v  -  0  through  collisions  with  O2  and  N2 .  as 
we  I  i  as  radiative  decay.  The  removal  of  NO  on  this  time  scale  is  dominated 
by  reaction  with  beam  created  N(‘^S)  via  Reaction  R(21)  These  effeets  were 
were  modeled  based  or.  the  results  presented  by  Oreen  et  al.*^^  for  v  >  l 


in  .M,  R.  Torr,  R.  G .  Burnside,  f’ .  B.  Hays.  A.  I.  Steward,  0.  G.  Tnrr  and 
•J .  C.  G.  Walker.  "Metastable  ^0  Atomic  Nitrogen  in  the  Mid  '.atitude 
Nocturnal  Ionosphere."  J .  Genphys .  Res .  .  81  .  4  (lU"ri) 

17  W.  B.  DeMore.  J.  .1.  Margitan.  M.  J.  Moilna,  R  T.  Watson,  0  M 

Golden.  R.  F.  Hampson,  M.  .1.  Kurylo.  C.  J.  Howard  and  A,  R’ 
Rav i shankara .  "Chemical  Kinetics  and  Phot orhem  i  ra  I  Data  for  Use  in 
Stratospheric  Modeling."  NASA.  Jot  Propulsion  Laboratory,  Pasadena. 
CA.  JPL  Publication  85  37  (July  1085.) 
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and  vn''yinfT  1  branchinR  ratio  into  NO  (v  0).  Two  rasof?  wore  triod:  one 
of  the  V  =  0  e(jua]  to  the  rate  for  the  first  three  r?xf:itp(i  Jevels,  and  a 
srrorui  iisjnn  a  factor  of  throe  hittlier  than  that  for  the  first  tiiroe 
vibrational  levels.  In  order  to  follow  the  v  =  0  vibrational  level  of  NO, 


the  nascent 

distribution  of 

NO  was  simulated 

by 

di 

Vi  ding  Reaction  20  into 

i  nd  i  V  i  diia  ! 

rates  cor respnndinq 

to  their 

part  it  inning 

into  different 

V 1  lira t  i ona  1 

levels  . 
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The  V i hra t i ona 1 1 y  hot  NO  ran  be  quenched 

into  the 

ground  state  by  O2  Using 

the  same  branch inR 

techn i quo ; 
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Similarly,  the  upper  levels  can  emit  radiation,  and  thus  cascade  down  the 
vibrational  ladder.  The  sum  of  radiative  removal  and  bimolecular  rtimoval 
by  N2  we  represented  by  the  effective  unimolecular  rates: 


NO  (  1  ) 

•4 

NO  ( 0 ) 
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Cascad i ng 

from  the  high 

V  states  by 

6v 

-  2 

is  comparable  to 

that  for 

flv  -  l.f'’) 

However,  these  were  neglected 

. 

as  the 

quenching  hy  0 

2  for  the 

range  of  conditions  used  in 

the  experiment 

always 

dominated  the 

radial  1 ve 

cascading.  The  time  variation  in  the  absorption  signal  disappears  very 
rapidly  once  the  electrons  were  turned  off.  Thus,  in  steady  state,  with 
duty  cycles  of  less  than  1/3.  and  repetition  rates  on  the  order  of  100  s  \ 
almost  all  of  the  NO  is  in  the  ground  state.  The  production  of  atomic 
nitrogen  in  the  electron  beam  excited  region,  then,  controls  the  measured 
steailv  state  signals. 

Production  of  Atomic  Nitrogen 

■^he  ionization  of  Ng .  O2  and  NO  within  the  ehamher  produce  molecula'' 
,is  well  as  atomic  ions.  Their  relative  c;oncent  rat  i  ons  .nre  modeled  hv  the 
following  branching  ratios: 
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F.F’  >  Ng 

■4 

2  N*  ^  KS  ♦EP 
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(30) 
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0*  *  ES  ->  EP 

95*o2/IP 

(  14  ) 

(31  ) 
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(15) 

(32) 

FP 

O2 

20*  ^  -^EP 

.05*o2/IP 

(  14  ) 

(33) 

W!iprr>  ♦y  is  tho  mixing  ratio  of  species  Y,  and  /IP  represents  per  ion  pair 

prooured .  Here,  we  have  combined  the  direct  dissociation  wiia  the 

(i  i ssoc ’ n t i ve  ionization  such  that  the  atonjc  neutral  in  Reaction  R(26) 
would  be  included  in  Reaction  R(25),  and  the  neutral  in  Reaction  R(33)  is 
M:cluded  in  Reaction  R(32).  The  relative  ionization  cross  sections  from 

Kieffer  and  IJunn*’®^  were  used  tt)  olitain  the  relative  ionization  rates. 

Note  that  the  total  ion  concentration  dnijs  not  add  up  to  exactly  1.00. 
This  is  not.  a  severe  problem  as  long  as  NO  and  O2  are  minor  constituents 
rare  was  taken  to  adjust  these  ratios  when  their  concentrations  became 
comparable  to  that  of  N2-  A  total  of  1.2  nitrogen  atoms  per  ion  pair  are 
produced  tiy  tlu!  Reaction  R(25).*'^^  These  are  divided  between  ground  state 
N(''s),  and  excited  state  atoms,  which  we  have  assumed  to  be  exclusively 
This  is  equivalent  to  assuming  that  all  of  the  N(^P)  formed  is 
quenched  to  N(''D)  before  reacting.  The  total  NO  produced  was  found  to  be  a 
very  strong  function  of  the  branching  ratio  N ( ) /N (“^S )  .  Simu'ations  were 
made  by  varying  this  branching  ratio  in  the  percentages  50/50,  5.5/45,  and 
00. 40 , 

Pcom  the  above  set  of  reactions.  N2*  is  seen  to  be  the  principal  ionic 
spec'cs  produced.  It  is  removed  by  the  following  reactions- 


f. .  .1.  Kieffer  and  0.  H.  Dunn.  "Electron  Impact  Ionization 

Cross-Section  Data  for  Atoms.  Atcimic  Ions,  and  Diatomic  Molecules;  I. 
Ixpf'r  ’  meni  a  1  Data,"  Rev  .  Mod  .  Rhys  .  .  3H,  l  (1966). 

R.  S.  Stnlnrski  and  A.  K.  S.  Green,  "Calculations  of  Auroral 

Intensities  from  Electron  Impact,"  J .  Geophys .  Res . ,  72  3967  (1967). 

0  F  Strobe),  F, .  S.  Oran,  and  P.  I).  Feldman.  "The  Aeronomy  of  Ofld 
S ; ’ rogen  in  the  Thermosphere  2.  Twilight  Emissions.  " 

4  r.enphys.  Res.,  ,  374  5  (1976). 
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k  - 

1  X 

10 

-10 
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all  reac  t ion 

rates 

are 

in  units  of  ernes' ^ 

.  t  he 

format  ion  of 

N'(^')) 

f i'o:n  Rrnctinn  R(34)  has  a  reportod  branchinfi  of  This  ronrijoti  's 

only  of  irinor  iTiportanco  to  the  experimental  conditions  present  in  LARCTIDK, 
however,  as  charge  exchange  and  ion  exchange  dominate  it  even  when  only 
mode''ate  quantifies  of  NO  or  (>2  are  prr><;ent.  The  O'*  formed  in  Reaction 
R(38)  also  quickly  cascades  to  ions  with  the  lowest  ionization  enerKV: 
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where  the  three  body  Reaction  R(40)  is  in  units  of  cm^’s"^  and  is  comparable 
to  two  body  rates  2  x  10^^  larger.  In  the  limit  of  hiph  O2  concentration 
(02>lo''’  cm*'^).  Reaction  R(39)  dominates  Reaction  R(40)  and  no  N  atoms  are 
profluced  from  0*.  The  62^  ions  recombine  with  secondary  electrons: 


O2"  -  ES  20 


k  -  2.  1  X  10'~(T,''3nn)  '’-^(42) 


or  by  reaction  with  neutral  (>2  anci  N2  to  form  0^  ‘  which  then  ri  i  ssoc  ia  t  ive  1  v 
recombines  with  secondary  electrons: 
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At  low  concentrations  of  NO.  the  above  reactions  are  much  faster  than  the 
chnriM*  transfer  to 


"2^ 
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-*  NO*  -  Og 
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=  4 . 
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c 

(47) 

+  NO 

-*  NO*  +  2O2 

k 

=  4 
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(48) 

The 

dissociative  recombination 

React i ons 

R(42) 

and  R(4G)  do  not 

form 

any  atomic  nitrogen.  However,  as  NO  builds  up  in  the  chamber.  Reactions 
R(47)  and  K(4«)  become  more  and  more  important,  until  the  primary  positive 
ion  is  NO^  . 


In  contrast  to  N2*.  N* 
comprises  of  1/4  of  all  N2 

formation.  N*  is  deactivated 

ions  formed  in  the  primary  ionization. 

ionization  events. do  lead  to  N 

either  by  the  channel  leadinR  to  N^ ; 

which 

atom 
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21.  (-■ .  0.  Sutherland  and  J.  Zinn.  "Chemistry  Computations  for  Irradiated 
Hot  Air."  Los  Alamos  Scientific  Laboratory.  Los  Alamos.  NM.  Rpt .  No 
r,A-f.055-MS  (1975). 

22  R.  R.  O'Neil.  F, .  T.  P.  Lee,  and  K.  R.  Huppi .  "Auroral  0(^S)  Production 
and  Loss  Processes:  Ground-Based  Measurements  of  the  Artificial 
Auroral  Experiment  Precede."  J .  Geophys .  Res . .  84.  823  (1979). 

23.  M.  A.  Smith.  V.  M.  Bierbaum.  and  S.  R.  I.eone.  "Infrared 

Chemiluminescence  from  Vibrational ly  Excited  NO*;  Product  Branching 
in  the  N*  +  Og  Ion -Molecule  Reaction."  Chem .  Phys .  Let  t .  .  94 .  398 

(1983). 
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N  +  Og  -*  0  *  NO  k  =  3.0  X  10”*^  (54) 

Roactions  K(52)  through  R(54)  bocomo  comparable  to  Reactions  R(44)  through 
R(50)  when  the  O2  concentration  gets  above  2  torr. 

As  NO  concentration  increases,  the  minor  channel  exists  for  '-paciion 
wi th  NO  direct  I y ; 

N*  *  NO  NO''  +  N('’S)  k  =  8  X  10  (5.S) 

Fach  of  the  above  channels  leads  to  NO'*  formation  T)ie  NO''  ion  is  stable 
with  respect  to  charge  exchange  and  is  deactivated  iiy  recombination  to 
yield  N  at  oms : ( 24 ) 

NO'  *  F.S  -*  N  -  0  k  --  4.4  X  H)‘‘^(T/300)'  '’"(56) 

where  the  branching  eatio  of  N  into  N(^n)  was  measured  to  be  76  t 
Thus  the  reactions  of  N'"  with  N2  and  O2  leads  to  an  excess  of  N(^U)  atoms 
over  NC^S)  atoms  of  the  order  of  0.1-0.15  per  ion  pair  for  (O2)  >  10^^ 
cm“^.  At  these  high  O2  densities,  a  new  set  of  reactions,  those  in  tlie 
formation  of  negative  ions  also  become  important.  Their  rates  aie; 

Og  +  M  +  FS  -►  o'  +  M  k  =  4.6  X 

and 

O3  *  F.S  -•  Og  +  0  k  =  9  X  10'''2. 

These  reactions,  in  turn  neutralize  the  NO*  ion  directly  into  NO; 

(>2  *  NO''  -♦  Og  +  NO  k  =  6  X  (59) 


(57) 


(58) 


24.  C .  Huang,  M.  A.  Biondi,  and  R.  Johnsen,  "Variation  of  F.lectron 
NO* -ion  Recombination  Coefficient  with  Electron  Temperature',  ' 
Phys.  Rev.  A.  21-  901  (1985) 

25.  D.  Kley,  G.  M.  Lawrence,  and  E.  J.  Stone.  "Tlie  Yield  of  N(^D)  Atoms  in 

the  Dissociative  Recombination  of  NO*,"  J .  Chem .  Phys . ,  4157 

( 1977)  . 
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Thus,  NO*  ftirmoci  throiif^h  rharf^o  exchanRo  r]uickly  return  to  NO,  whjJc  inn 
oxchanRo  reactions  which  create  NO*  increase  the  NO  concentration. 
Oissocintive  recombination  of  NO*  tends  to  use  up  some  of  t  tie  NO  created 
throuRh  charce  exchaoRe  but  adds  a  similar  portion  through  ion  exchange. 

Destruction  of  Atomic  Nitrogen 

In  addition  to  Reaction  R(20).  N(^D)  can  be  physically  quenched  by  tiie 
reaction ; ( 26 ) 

\(2p)  ,  -*  N(^S)  +  N2  k  =  1.0  X  10’’^  exp(  1()20/RT).  (60) 

This  reaction  is  particularly  important  when  the  O2  concentration  is  less 
than  0.3^;  of  the  N2  concentration,  corresponding  to  an  [O2I  <  5  x  10^^  cm"'^ 
for  our  operating  conditions.  For  O2  concf'ntrations  much  less  than  this 
value,  quenching  of  N(^D)  is  very  rapid  compared  to  chemical  reactions,  and 
all  chemical  reactions  of  N  atoms  occur  from  the  ground  N(^S)  state. 
Therefore  in  (he  limit  of  [62]  <<  .2  torn,  any  NO  originally  present  within 
the  chamber  would  be  removed  by  the  sum  of  N(^D)  and  N(‘*S)  formed  by  the 
electron  beam  irradiation. 

At  higlicr  (>2  concentrations,  an  appreciable  fraction  of  the  chemical 

p 

reactions  involve  higher  excited  states  of  nitrogen  atom.  The  N(^D)  atoms 
f'eact  with  O2  to  form  NO.  while  the  ground  state  Nl'^S)  atoms  react  with  the 
large  pool  of  ground  state  NO  to  '■emove  NO.  Since  both  reactions  occur  very 
'■apid.'v  even  compared  to  the  electron  beam  operating  time,  only  the 
d  •  r  f  f'ri’Mcr?  in  the  production  and  removal  rates  can  be  observed  by 
monitoring  the  ground  state  of  NO.  This  is  in  marked  contrast  to  what  is 


f.v: 


()nse:-\'(!d  in  emission, 

tn  the  limit  of  very  large  O2  concentrations,  physical  quenching  ol 
.\(^1))  by  .N2  is  un’mportant,  and  the  stearly  state  NO  concentration 
approaches  a  limit  determined  by  the  difference  in  popujation  between  t hf; 
N(^0)  and  N('^S)  states  produced  each  lime  the  electron  beam  is  pulsed.  For 


26  T.  G .  Si  anger  and  (j .  Black, 
them.  Phys.,  64,  44  (1970). 


'Quencliing  of  N(‘^D)  by  N2  anrl  H2O. 
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^  o 

exampjo  for  O2  >  15  torr,  physical  quenching  accounts  for  3%  of  the  N(  D) 
removal,  and  thus  the  net  change  in  NO  concentration  is  equal  the  tiic 
difference  in  population  between  the  two  atomic  states  minus  0.03  times  the 
total  N(^D)  production. 

Even  if  no  N(‘^S)  is  formed  by  direct  dissociation,  the  total  .NO  within 
the  chamber  is  limited  by  the  reaction: ^ 

N(2[))  +  .no  -*  0  +  Ng  k  =  6  X  10*'*’  (61) 

which  limits  the  total  NO  concentration  within  the  chamber  to  one  tenth  of 
the  Og  concentration.  We  note  that  this  concentration  can  never  he 
achievt'd  because  of  other,  competing  reactions. 

Similarly  if  no  N(^D)  is  formed,  the  Nl'^S)  can  also  react  with  O2  to 
form  some 

NC^S)  *  O2  -*  NO  *  0  k  =  4.4  X  10"^2  pxp[-3220/T]  (62) 

This  establishes  a  minimum  NO  population  in  the  chamber  when  there  is  O2 
present  in  the  chamber  and  no  N(^D)  is  formed  to  [N0]/[02]  =  3  x  10'*^. 

The  following  reactions  in  the  model  establish  the  balance  between  the 
odd  oxygen  species.  0.  and  0-j,  also  formed  within  the  LAPCEDE  chamber. 
They  influence  the  total  NO  production  and  destruction  only  in  second 


order : 


Reaction  Rate  Reference ( s ) 


N(2n)  *  0 

-*  N(4s; 

1  - 

Ok  = 

1 

X  10  ’2 

(51 

(63) 

N('^S)  +  0  +  N2 

-+  NO  + 

N2 

k  - 

1 

X 

(5) 

(64) 

N(^S)  *  O3 

-*  NO  t- 

O3 

k  <  1 

X 

(29) 

(65) 

27.  A.  Rahbee  and  J.  J.  Gibson,  "Rate  Constants  for  Formation  of  NO  in 
Vibrational  Levels  v=2  Through  7  from  the  Reaction  N('^S)  +  O2  -»  NO*  « 
O."  .J,  Chem.  Phys.,  74.  5143  (1981). 

28.  R.  R.  Herm.  B.  J.  Still  ivan,  and  M.  F. .  Whitson.  "Nitric  Oxide 
Vibrational  Excitation  from  the  N(''s)+)2  Reaction."  .1 .  Chem .  Phys .  . 
79,  2221  (1983). 
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0 


k 


^  X 


(2<)) 


(66) 


N(^S)  »  NO2  -►  N20  - 


0  * 

O2  *  N2 

O3  ^  N2 

k 

-  .3  X 

(29) 

(67  ) 

0  > 

NO  ■‘N2 

-* 

NO 2  ‘  Ng 

k 

-  0  X 

,0-32 

(29) 

(68) 

O3  +  NO 

O2  -  NO2 

k 

=  1 .8 

X  10'^"’ 

(29) 

(69) 

O3  *  0 

-¥ 

2O2 

k 

=  8  X 

10 

(29) 

(70) 

0  ^  NO2 

02  »  NO 

k 

-  9  .  ,3 

X  lO'’^ 

(29) 

(71  ) 

02 

»  N2(A) 

O2  ‘  N2 

k 

-  1  X 

lO’’^ 

(30.31.32) 

(72) 

(>2 

*  NglA) 

-• 

N2O  *  0 

k 

=  1  X 

1 0  ■  ’  2 

(30,31 .32) 

(73) 

Whilo  Kcactions  R(63)  Uirough  R(73)  wirrp  not  major  roni  r  i  biilors  in  t))e 
proHiiction  of  NO.  vibrational  or  electronic  exclt.it  ion  in  the  reaction 
channels  may  change  their  contribution. 
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5.  SIMULATION  RESULTS  AND  DISCUSSION 


The  computer  simulations  were  designed  to  replicate  experimental 
conditions  shown  in  Figure  5.  The  experimental  conditions  were;  pj^-Q  50 
torr.  beam  cui’rent  1  ma .  beam  voltage  35  kV.  and  the  beam  is  on  foi'  2.7  ms 
in  each  10  ms  period.  The  effects  of  diffusion  and  flow  were  taken  into 


account  by  assuming  that  all  of  tlie  beam  formed  species  had  a  unimoleculat 


decay  time  of  ]/'5.4  seconds.  We  assume  that  the  ion  pair  production  rate 
is  10^^'  ion  pairs  per  second,  evenly  distributed  in  a  conical  volume 
defined  by  the  half  radius  for  IP  production  calculated  of  rj  2  '  2.35  cm. 
In  order  to  compare  this  model  to  experimental  values,  we  convei’t 


concent  lat  ions  to  column  densities  of  NO  in  a  line  of  sight  through  the 


center  of  the  the  reaction  area.  This  line  of  sight  is  assumed  to  be  L 


5. ,5  cm.  where  I.  is  defined  by  dividing  the  mean  ionization  rate?  in  the 
central  core  by  the  resulting  column  density  in  Subsection  l.l. 


5.1  Simulations  of  NO  Formation 


A  modified  veision  of  CHF.MKIN  is  used  to  calculate  the  time  dependent 


concentrations  of  all  the  chemical  species  listed  in  Section  4.  The  steady 
state  concentrations  of  many  species  were  established  within  one  beam 
pulse,  while  others,  which  did  not  quite  reach  steady  state,  would  reipiire 
the  full  diffusion  and  flow  time  to  come  into  steady  state.  Thus,  since 
each  pulse  of  the  electi'on  beam  would  produce  a  certain  excess  of  NO,  tlie 
total  NO  concentration  would  reach  steady  state  only  after  the  exeess  ir. 


F.  Westley,  "Tables  of  Experimental  Rate  Constants  fni-  Cliemii 
Reactions  Occurring  in  Combustion  ( 1971  1 977 ). "  National  ltiire.au 
Standards,  Washington.  DC,  Rpl .  No.  NBSIR  81-2254  (April  1981). 

M.  P.  lannnzzi  and  F.  Kaufman,  "Rate  Constants  for  the  Reaction 


N2(AT(.),|‘,  V  -  0.  1,  and  2)  with 

(  1981)  . 

I,.  G.  Piper,  C.  E.  Caledoni.i,  and  J. 
Deactivation  of  N2(A)V^  ^  0.  1  by 

(1981 ) . 

E.  C.  Zipf,  Nature,  287,  523  (1080). 


(.Item  . 


P.  Kennealy,  "Rate  Constants 
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Fijiuro  11.  Simulated  Concentrations  of  Beam  Coated  Species 
after  Steady  State  has  been  Established. 
Electron  Beam  Current  of  1  mA,  Voltape  ."IS  kv 
Irradiating  49  torn  N2  and  1  tore  02-  Beam  on 
for  2.7  ms  Followed  by  7.3  ms  off.  Electron 
Dissociation  of  N2  is  Assumed  to  be  n  =  .60. 


balanced  bv  the  flow  time.  In  order  to  conserve  computer  time, 

quas i - si eady  concentrations  were  extrapolated  from  short  computer  runs, 
thtin  substituted  into  the  code  as  initial  concentrations  so  as  to  obtain 
steady  state  populations  of  all  species.  Steady  state  was  confirmed  when 
t  h.('  concentration  for  each  reagent  species  was  the  same  over  two 

repetitions  of  the  electron  beam  pulse. 

The  net  amount  of  .VO  formed  per  electron  beam  pulse  was  found  to  be  a 
very  si'nsitive  function  of  the  ratio  of  .V  { ^D ) /N  ( '^S )  produced  during  the 
firimary  ionization  in  Reaction  R(25).  We  thus  liefine  a  rat>o  n 
N  (  ^I) )  ' '  .N  ( '^S )  ♦N  ( )  j  .  Figure  11  shows  the  pi-edicted  concentrations  of  minor 
species  after  steady  state  has  been  established  for  n  -  .60  and  one  tore  of 

(>2.  Note  that  concentrations  of  both  O3  and  N2O  rise  to  1/10  that  of  Op. 
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TIME  (sec) 


r  if^urr  12.  Same  ns  Figure  11  Except  t)  -  .  v"0 . 

whilr-  the  NO  concentration  is  a  factor  of  15  lower.  The  creation  of  v  -  () 
NO  via  Reaction  R(20a)  was  assumeil  to  be  eniial  to  React  ion  R(201))  in  th  i  ■; 
figiiio.  Changes  by  a  factoi'  of  3  in  Reaction  R(20a)  would  inci'ease  the  \ 

0  population  by  less  than  2%  while  deci'easing  Reaction  R(20b)  by  a  far'^'r 
of  2.  The  measurement  of  the  steady  stale  NO(v  -  0)  therefore  does  nol 
appear  to  be  sensitive  to  the  v  0  branching  given  in  Reaction  R(20a). 
Simulation  of  the  same  conditions  as  in  Figure  11.  except  that  t)  ,50  is 
present.efi  jp  Figure  12.  While  a  substantial  amount,  of  NO  builds  up  when 
1  -  .bO,  virtually  no  NO  build  up  is  seen  when  ^  -  .50.  The  variation  of 
NO  (v  -  0)  and  N('^S)  with  electron  beam  operation  is  seen  to  vary  by  a 
f.K  tor  rif  from  beam  on  to  beam  off.  This  is  because  of  the  1  ok 

residual  NO  preriirfed  to  be  left  in  the  chamber  between  electron  lu-am 


d.^WI  0.0(55  0.010  0.015  0.0?0 


TIME  (sec) 

Fl(];ure  13.  Change  in  NO  (v  =  0)  Concentration  with  Time 
Displayed  with  Expanded  Density  Scale  of  Fifjure 
10. 

Tn  all  rases  where  an  appreciable  steady  state  concentration  of  NO  is 
formed,  the  majority  of  the  beam  created  species  such  as  N  atoms,  inns,  and 
s»!cnndnrv  electrons  reach  steady  state  rapidly  when  the  beam  is  turned  on, 
and  are  removed  rapidly  when  the  beam  Is  turned  off.  The  species  NO,  NO2 , 
O3,  0  and  NgO  remain  when  the  beam  Is  off.  Of  these  only  the  concentration 
of  0  atoms  changes  appreciably  on  the  time  scale  between  electron  beam 
pulses.  Thus  the  rate  of  any  Individual  reaction  can  be  readily 
approximated  based  on  steady  state  concentrations  of  reactants,  with  the 
single  exception  of  0  atom. 

During  the  course  of  the  electron  beam  pulse,  the  NO  ground  state 
population  decreases  by  5  X  10^^  cm~^  or  0,2  NO  per  ion  pair  formed.  This 
is  shown  in  Figure  13.  The  density  scale  in  this  plot  has  been  expanded  to 
show  the  transient  NO  on  top  of  the  steady  state  population.  During  the 
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beam  puJsc.  Reaction  R(20)  produces  while  Reaction  R(21)  removes  NO.  .Since 
the  majority  of  NO  in  the  v  =  0  level  is  present  before  the  electron  beam 
pulse.  Reaction  R(21)  removes  more  v  =  0  than  Reaction  R(20)  produces.  Tlie 
population  in  the  vibrationless  state’  decreases  sharply  durinf^  the  beam 
pulse,  and  then  increases  as  the  vibrat ional  ly  excited  NO  is  relaxed  into 
the  vibrationless  level.  Channing  the  internal  branching  ratio  for 
production  of  v  =  0  by  a  factor  of  3  has  virtually  no  effect  on  the 
magnitude  of  the  decrease.  A  net  decrease  of  NO  from  flow  is  superimposed 
on  these  two  processes  to  give  the  slight  negative  slope  to  the  NO 
concentration  when  the  beam  is  off.  V i brat i ona )  1  y  hot  NO  is  also  removed 
by  N(^S).  However,  the  fraction  of  NO  (v  >  1)  removed  is  much  smaller  than 
the  fractional  increase  in  the  upper  levels  due  to  formation.  The  change 
in  NO(v  0)  is  thus  anticorrelated  with  the  NO  in  the  vibrational  Iv  hot 
1 evels . 

The  simulation  chemistry  is  very  different  when  the  NO  steady  state 
concentration  is  insufficient  to  consume  all  the  Ni’s)  during  the  electron 
beam  pulse.  This  is  the  case  when  o  is  0.50  as  shown  in  Figurf?  14. 
Pecause  the  residual  NO  Is  less  than  that  formed  during  the  electron  beam 
pulse,  the  N0(v  -  0)  is  correlated  with  the  formation  by  Reaction  R(20). 
In  this  case  the  populations  of  N(^S),  NO  and  NO2  become  strongly  time 
dependent.  The  NO  concentration  increases  during  the  beam  pulse,  and 
decreases  after  termination  of  the  electron  beam  due  to  reaction  with 
N('*S).  The  variation  in  NO  ground  state  concentration  is  6  x  10^^,  or  the 
same  order  of  magnitude  per  ion  pair  as  for  0  =  0.60. 

The  steady  state  populations  calculated  for  NO  are  plotted  as  a 
function  of  Og  concentration  in  Figure  15  for  n  =  0.50.  0.55.  and  0.60. 
Superimposed  onto  these  curves  are  the  measured  NO  concentrations  from 
F’gure  5.  The  pathlength  in  which  the  column  density  was  converted  to 
number  density  was  chosen  to  be  6.6  cm.  The  calculated  densities  for  n  ^ 
0.55  and  0.60  are  in  reasonable  agreement  with  both  the  magnitude  and 
curv.Tture  of  the  observed  relationship  of  NO  concentration  to  Og 
concentration  for  O2  concentrations  greater  than  1  torr.  The  simulation 
based  on  h  =  0.5  predicts  an  onset  of  observable  NO  at  substantially  higher 
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TIME  (sec) 


Figure  14. 


Change  in  NO  (v  -  0)  Concentration  with  Time, 

— o  ^  ^  t  ^  _ _ _  mo 


ill  imvy  \v 

Expanded  Scale  from  Figure  12. 


O2  pressures,  and  fails  to  display  tiie  observed  leveling  off  of  NO 
population  at  higher  O2  pressures.  All  simulations  underestimate  the 
concentration  of  NO  at  O2  concentrations  t)elow  1  torr.  This  is  due  in  part 
to  the  assumption  made  In  Reaction  R(50)  that  the  product  of  recombination 
of  is  only  N  (  )  . 

The  absolute  magnitude  of  the  calculated  NO  signal  is  largely 


dependent  on  the  amount  assumed  for  the  electron  beam  irradiation  width. 


These  calculated  signals  are  also  somewhat  influenced  by  other,  minor, 


reactions.  A  full  matrix  using  all  of  the  reactions  has  not  yet  been 


carried  out.  Effects  of  diffusion  out  of  the  centra)  volume  would  tend  to 


dilute  the  NO  in  the  central  core,  and  thus,  would  mean  that  these 


calculations  are  a  slight  overestimate  of  the  total  concentrations 
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FlRure  15. 


Comparison  of  NO  Column  Density  Using  n  =  .50, 

.55  and  .60  to  Data  Points  from  Figure  5. 


V 


Tlie  change  in  NO(v  =  0)  during  the  electron  beam  pulse  gives  the 
transient  signal  which  we  attc-^pted  to  measure  in  LABCEDE .  This  signal  was 
shown  to  be  both  the  branching  ratio  o  and  the  partial  pressure  of 


N(^D)  reacts  totally  with  the  Og  Just  as  the  N(^S)  reacts  total  Iv  w  •• 


NO.  Since  the  total  N  produced  pitr  ion  pair  is  a  ftinrt  ion  ma  1  n  I  v 
pr»;ssure.  the  net  NO  concentration  reaches  a  steailv  stato  .  ■  . 
high  Og  equal  to  the  net  excess  of  N(^D)  to  N(^s) 
over  the  total  number  of  pulses  before  the  NO  'e.ivev  . 

The  simulations  suggest  th.it  at  eas'  t'  ‘ 
production  and  removal  are  dom  i  r-.i  t  oq  i,v  tin-  ^^4  ■  • 
measured  values  of  NO  can  be  ("cpl  1  m  a  '  ^  . 

excited  state  N  atom  product  m.o  ^  " 

.7  and  higher  show  that  t  h4  ■ 
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Ficure  16.  Simulation  of  the  NO  Morphology  for  a  .5  mA 
Electron  Beam  Irradiating  5.5  m  torr  NO  in  55 
torr  N2. 

linearly  dependent  on  the  excess  N(^D).  Possible  effects  of  electron  beam 
heating  of  the  gas,  as  well  as  other  possible  mechanisms  for  NO  production 
were  also  tested  and  are  discussed  below. 

5 . 2  Simulations  of  NO  Titration 

When  there  is  no  O2  in  the  chamber,  all  of  the  N(^D)  is  quc.nched  to 
N('’s).  Thus,  even  if  we  intentionally  introduce  some  NO.  it  would  be 
destroyed.  This  is  shown  by  the  titration  experiment  in  Figure  8.  The 
amount  of  NO  destroyed  is  equal  to  the  total  N  atom  production  plus  the  ion 
transfer  from  Ng  and  N* .  Because  the  atomic  nitrogen  species  stay  around 
until  they  collide  with  an  NO,  N  atom  concentrations  build  slowly  until 
they  either  disappear  due  to  flow,  or  react  with  NO.  The  time  history  of 
this  titration  is  shown  in  Figure  16.  This  titration  is  for  the  case  of 
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0.5  ma  Plectron  beam  into  a  chamber  filled  with  55  torr  N2  and  5  5  mtorr 
NO.  The  electron  beam  duty  cycle  was  chosen  to  be  1.25  ms  on  and  23.5  ms 
off.  The  NO  /«  seen  to  be  completely  titrated  on  a  1.9  s  time  .scale.  The 
N(^S)  within  the  chamber  was  not  allowed  to  flow  out  of  the  the  interaction 
region  in  this  calculation.  By  adding  flow  to  the  depletion  of  beam 
excited  species,  a  residue  of  NO  is  left  within  the  chamber  which  depends 
on  the  electron  beam  current.  Using  this  technique,  it  was  found  that 
there  was  approximately  2.  ±  . 2  NO  destroyed  per  ion  pair  produced. 


5.3  Other  Effects  Not  in  the  Model 


Several  effects  which  could  contribute  to  NO  formation  which  have  not 
been  included  in  the  model  are  discussed  below,  and  their  relativ'c 
contributions  to  the  total  NO  production  assessed  it  is  convenient  to 
quantify  their  effects  by  putting  their  contributions  in  terms  of  NO/IP. 
For  the  sake  of  comparison,  approximately  0.72  NO  is  formed  per  ion  pair  in 
the  current  model,  and  0.48  is  destroyed,  leaving  an  excess  of  0.24  NO/ion 
pair  which  builds  up  to  a  level  until  it  can  effectively  compete  with  Og  in 
the  reaction  set. 


Heating  Due  To  The  Beam 


The  model  of  the  NO  formation  within  the  chamber  disregards  the 
heating  which  takes  place  associated  with  the  energy  deposition  into  the 
chamber.  Since  about  1/2  of  the  35  watts  of  beam  power  ends  up  as  heat, 
the  net  Increase  in  temperature  is 


Q  =  18  watts  =  A  CpAT, 


where  A  is  the  mass  flow-rate  equal  to  2.83  x  10''’  moles/sec,  Cp  is  tin? 
heat  capacity  equal  to  7/2  R  where  R  Is  8.3166  Joules/mole-K.  Thus,  if  tlu> 
beam  was  on  continuously,  and  no  heat  was  transferred  to  the  walls,  the 
mean  gas  temperature  could  rise  as  much  as  219  K.  This  heating  would  never 
be  a  probloBi  at  1/20  duty  cycle,  but  could  cause  a  mean  temperature  rise  of 
73  K  for  the  duty  cycle  of  1/3  as  used  In  Figure  5  and  the  model 
simulations . 
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The  heating  of  the  gas  Is  not  uniform,  however,  and  the  aajorlty  of 
the  energy  is  deposited  in  the  central  core  whose  radius  is  given  by 
Equation  (14).  The  first  order  correction  to  the  uniform  temperature  model 
is  thus  one  of  solving  the  heat  transfer  equation  for  a  cylinder  of  N2- 
The  heat  transfer  rate  in  a  purely  static  chamber  is 

A  2irkL(AT) 

Q  “  ■; — — 7 - r  (75) 

ln(r/r^/2) 

where  k  is  the  thermal  conductivity  of  N2 .  equal  to  2  62  x  10"^  w/cm^K,*^^^ 
at  300  K  and  increases  with  T^^^.  The  maximum  temperature  gradient  which 
can  be  supported  by  50  torr  of  N2  becomes  14  K  for  1/20  duty  cycle  and  75  K 
for  1/3  duty  cycle.  Thus,  at  the  1/3  duty  cycle,  the  temperature  in  the 
center  of  the  chamber  can  be  as  much  as  100  K  higher  than  ttie  room 
temperature . 

A  rise  in  temperature  of  100  K  would  change  the  chemistry  mainly  in 
Reaction  R(57).  Here,  the  very  large  exponential  tern  would  increase  this 
rate  by  a  factor  of  4.  This  reaction  still  produces  only  a  small  fraction 
of  all  of  the  NO  produced,  however. 

Nitrogen  Triplet  State  Chemistry 

N2(A)  state  is  expected  to  be  a  primary  product  of  electron 
bombardment  of  It  is  extremely  stable  with  respect  to  radiative 

relaxation  and  collislonal  quenching  with  N2-  In  our  simulation  we  assumed 
that  it  was  quenched  primarily  by  reaction  with  02-  At  low  O2 
concentrations,  it  will  also  react  with  0,  NO,  and  possibly 


33.  E.  R.  G.  Eckert  and  R.  M.  Drake,  Heat  and  Mass  Transfer,  McGraw-Hill 
Book  Company,  Inc.,  New  York,  NY  (1959). 

34.  W.  I..  Borst  and  M.  Imami,  "Production  of  Secondary  Electrons  in 
Nitrogen  by  Past  Electrons  and  Simultaneous  Excitation  of  N2  Bands," 
J .  Appl .  Phys . ,  44,  3  (1973). 

35.  L.  G.  Piper,  G.  E.  Caledonia,  and  J.  P.  Kennealy,  "Rate  Constants  for 

Deactivation  of  N2(A^C(.)u^,  -  0.  1  by  0,”  J.  Chem.  Phys.,  75.  6 

(1981 ) . 
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(13) 

(79) 

At  low  ©2  concentrat ions  the  O  atom  concentration  can  approach  within  two 
orders  of  maftnitndc  of  the  O2  concentration  In  the  chamber.  As  0  atom.s  are 
1.5  times  more  effective  in  quenching  N2(A)  than  O2  atoms,  roughly  lOt.  of 
the  N2(A)  will  react  with  0  atoms.  If  the  reaction  proceeded  primarily  by 
R(77)  to  form  NO  this  would  lead  to  an  additional  production  of  NO  of 
0.04/IP.  This  reaction  would  in  turn  add  somewhat  to  NO  production  when 
0.1  to  1  torr  O2  is  present  in  tiie  chamber,  while  not  materially  affect  th<? 
higher  (>2  results. 

NO  can  also  be  produced  indirectly  from  N2(A)  by  reactions  of  the  .^£0 
made  in  the  enaction  of  N2(A)  with  O2.  R(73).  If  the  branching  ratio  for 


N2O  is  of  the  order  of  50\  as  reported  by  Zipf, 


(30) 


then  steady  state  N2O 


populations  approach  3  x  10^^  in  the  reaction  chamber.  N2O  reacts  onJy 


excited 

State 

‘  N 

and  0  atoms, 

and  perhaps 

O3. 

(37) 
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N.  Ooldstein,  G.  D.  Greenblatt,  and  J.  R.  Weisenfeld.  "Observation  by 
Laser  Ionization  Spectroscopy  of  Vibrat lonal ly  Excited  Nitric  Oxide 
Following  0(’n2)  ♦  N2O  -*  2N0."  Chem.  Phys .  Lett  .  96.  4  (1983). 

.1  c.  Steinfield,  S.  M.  Adler-Golden,  and  J.  W.  Gallagher,  "Critical 
Survey  of  Data  on  the  Spectroscopy  and  Kinetics  of  Ozone  in  the  Upper 
Atmosphere, '"  Submitted  to  J.  Phys.  Chem.  Ref.  Data  (1987). 
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The  reaction  of  0(^D)  with  N2O  is  sllchtly  faster  than  the  quenchlnc  rate 
of  0(^U)  by  Ng  or  Og: 


0(^0) 

CM 

-*  0 

*  Ng 

k  = 

3  x 

10  ’  ’ 

(80) 

0(’l)) 

+  Og 

-*  0 

+  ©2 

k  = 

4  X 

10"^^ 

(87) 

Therefore  roiighJy  5  x  10'^  NO  are  formed  per  0(^D).  0(^D)  Is  formed 

primarily  from  the  recombination  reaction  of  O2*.  R(42).  to  produce  at  mo«:t 
one  (){^U)/ir.  Therefore  the  rate  of  NO  pr«)diiction  by  this  channel  can  be 
no  more  than  5  x  10"^/IP. 

Excited  Ozone 

Recent  evidence  supplied  by  Locker  et  al.^^^^  indicates  that 
approximately  half  the  ozone  formed  in  the  reaction  of  0  and  O2 ,  Reaction 
R(67).  is  formed  in  a  metastable  state,  Og.  0  atoms  are  formed  in  many 

reactions  including  the  electron  bombardment  of  O2,  the  reactions  of  the 

ions  N*  an  N3*  with  O2 ,  and  the  recombination  reaction  of  O2  arc  secondary 

electrons.  These  lead  to  a  0  atom  production  rate  between  .5/IP  and  2/IP 

* 

and  a  minimum  Og  production  rate  of  .2/ir.  There  are  several  possible 

» 

reactions  of  Og  which  may  lead  to  substantial  NO  production.  In  contrast 
to  all  previously  discussed  sources  of  NO  these  sources  are  relatively 
insensitive  to  the  concentration  of  [O2I.  and  therefore  may  be  important  in 
establishing  the  NO  steady  state  population  at  low  O2  concentrations.  Og 
is  relaxed  slowly  by  N2  on  a  millisecond  time  scale: 

0*  *  N2  -*  O3  *  Ng  k  =  10’’^  (B8) 

* 

Therefore.  Og  will  have  a  characteristic  lifetime  of  the  order  of  0.5  ms 
::nd  the  population  of  O3  will  follow  the  population  of  0  w'th  a 
proport ional i ty : 


38.  J.  R.  Locker,  J.  A.  Joens,  and  E.  J.  Pair,  "Metastable  Intermediate  in 
the  Formation  of  Ozone  by  Recombination,"  Submitted  to  J.  Chem.  Phys . 
(1987) . 
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When  [O2]  is  Jess  than  lO^'^cis"^,  0  aton  concentrations  are  substantial,  anti 
O3  populations  will  be  of  the  order  of  lo'^cm”®.  This  Is  sufficiently 

•  A 

large  for  O3  to  compete  with  NO  for  N(^S)  atoms. 


03’  *  N( ’s)  -»  NO  *  0 


(90) 


If  the  reaction  proceeds  with  a  near  gas  Itinctic  rate,  it  could  consume  as 

much  as  0.3  N('*S)/IP,  producing  an  equivalent  amount  of  NO. 

« 

O3  may  also  react  with  N2O  to  form  some  odt)  nitrogen  species  which 
equilibrates  with  NO.  Since  there  are  no  major  competing  reactions  foe  the 
depletion  of  NgO,  such  a  reaction  would  completely  deplete  all  the  N2O  if 
it  proceeded  with  a  rate  constant  of  the  order  of  10“^^  cm“^  s“^  . 

Therefore  if  NglA)  does  indeed  react  with  O2  to  form  2N0  with  .5  branching 

« 

ratio,  and  if  O3  reacts  with  N2O.  the  result  is  a  net  production  of  0.4 
NO/IP. 


Translationally  Excited  Atomic  Nitrogen 


Solomon^^®^  has  suggested  that  translationally  excited  N('*S)  atoms  can 
he  responsible  for  a  substantial  amount  of  NO  production  in  the  upper 
atmosphere.  The  reaction  of  N(^S)  has  with  O2  has  a  0.3  ev  activation 
energy.  It  has  been  suggested  that  the  preexponent 1 al  term  at  high 
temperatures  is  5  times  greater  than  that  at  low  temperatures,^'’®^  i.e.,  2 
X  10  cm'  s  Therefore  the  reaction  should  proceed  with  a  cross 
section  between  .03  -  .1  gas  Icinetic.  Most  of  the  Nl'^S)  atoms  are  produced 
in  Reaction  R(25)  with  approximately  5ev  of  translational  energy. 
Therefore  it  will  take  several  collisions  for  the  translational  energy  to 
he  reduced  to  below  the  activation  energy  of  the  reaction.  An  upper  limit 


S.  Solomon.  "The  Possible  Kffects  of  Translationally  Excited  Nitrogen 
Atoms  on  Lower  Thermospheric  Odd  Nitrogen,"  Planet .  Space  Scl . .  31  .  1 
(1983) . 
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for  the  number  of  collisions  required  to  relax  the  hot  atoms  can  be 
established  assuming  totally  elastic  collisions  with  Ng.  Following 
Solomon,  the  energy  of  the  atom  after  n  collisions  can  be  *'xpressed  os: 

.  _  .  _-kn  .  _  1  -  (l-T)(t-ln(l-T)) 


4M,M5 

T  -  - (92) 

This  establishes  an  upper  limit  of  five  collisions  to  relax  the  atoms  to 
O.Sev,  and  an  upper  limit  on  the  fraction  of  hot  N(''s)  atoms  which  react 
with  O2  as  0 . 31 02  ]  /  f  N2 1  .  this  effect  is  then  insignificant  at  low  O2 
concentrations.  At  [02]  =  10  torr,  It  is  equivalent  to  a  change  in  the 
excited  state  N  atom  population  of  no  more  than  3k. 

Vibrationally  Excited  0^ 

Vibrational ly  excited  O2  can  be  produced  directly  by  the  recombination 
of  .  or  by  e-v  transfer  from  N2(A)  and  electronically  excited  state  O2 . 
These  reactions  result  in  the  vibrational  excitation  of  at  least  1  Og 
molecule  per  ion  pair.  O2  can  also  be  vibrationally  excited  by  v-v 
transfer  from  N2 .  or  from  t-v  transfer  from  hot  atoms.  Kach  of  these 
processes  can  result  in  the  excitation  of  multiple  quanta  of  vibration  in 
O2 .  V-v  transfer  among  the  various  constituents  is  very  rapid  but  since  O2 
has  the  lowest  vibrational  quanta  of  the  major  species,  relaxation  of  O2  v 
=  ’  is  ve^'V  slow. 

If  the  rate  of  taxation  by  N2  is  es  low  as  10'’^.  perhaps  as  much  as 
(I  l/[f’  02*  can  bo  built  up  during  the  course  of  electron  beam  irradiation. 
02  V  -  !  has  enough  energy  to  overcome  the  activation  barrier  to  reaction 
with  .N('^S),  and  therefore  may  react  with  N(‘*S)  with  nearly  the  same  rate  as 


40.  W.  E.  Wilson,  J.  Chem.  Phys.,  46,  2017  (1967) 
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If  the  above  two  statements  are  true,  then  O2* 

N(^S)/IP,  and  form  an  equivalent  amount  of  NO.  This  would  vary  linearly 
with  O2  concentration. 

02(^A)  Is  stable  with  respect  to  all  major  species  in  the  reaction 
chamber  except  N  atoms  on  a  one  second  time  scale.  !t  reacts  with  N(^S)  an 
order  of  magnitude  more  slowly  than  0  atoms  and  four  orders  of  magnitude 
more  slowly  than  with  NO: 

02(’A)  *  N(^S)  NO  +  0  k  =  3  X  10“'^  (93) 

Therefore  it  will  not  seriously  effect  the  NO  production  unless  somehow  all 
the  O2  is  converted  to  02{^A).  This  would  require  a  production  rate  of  the 
»  1/IP. 

Other  Excited  0^  Species 

There  is  recent  evidence  that  O2  is  formed  in  the  4-5  eV  states,  A  L^, 
A'^Ay.  and  c-E^.  when  excited  by  the  electron  beam.^'*^^  These  levels  could 
lead  to  formation  of  NO  through  N(''s).  Since  both  Og  and  N(‘*S)  are  formed 
in  concentrat ions  of  one  per  ion  pair.  This  channel  could  explain  some  of 
the  apparent  excess  of  N(^D)  needed  to  explain  the  observations. 
Unfortunately,  very  little  Information  is  available  on  the  formation  or 
quenching  of  these  O2  states. 


41.  T.  Slangcr  and  V.  Degen,  "The  Rotational ly-Resolved  Oxygen  Afterglow, 
373-474  nm,"  Planet.  Space  Set..  34 ,  10  (1986). 
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6.  SUMMARY  AND  CONCLUSIONS 


Nitric  Oxide  (v  =  0)  formation  from  electron  irradiation  of  N2  with 
trace  quantities  of  O2  has  been  measured  in  absorption.  Both  the  steady 
state  concentration  and  the  transient  change  of  NO  were  measured  using  a 
pulsed  electron  beam.  The  results  of  these  measurements  were  modeled  using 
an  extensive  computer  model  based  on  the  CHEMKIN  code.  The  steady  state 
concentration  of  NO  was  found  to  be  a  very  sensitive  function  of  the  ratio 
of  N(^D)  to  N(^S)  formed  by  direct  electron  dissociation.  Measured  data 
fit  a  ratio  of  55/45  to  60/40,  not  Inconsistent  with  findings  by  Zipf  and 
McLaughl  in^^^^  and  those  used  in  models  by  Rees  and  Romick.  Other 
reactions  which  may  affect  this  ratio  have  been  assessed. 

No  transient  NO  build-up  was  measured  in  LABCEDE,  placing  the  upper 
limit  of  4  X  10^^  cm"^  on  the  transient  column  density.  The  limit  on  the 
detection  sensitivity  was  found  to  be  due  to  the  frequency  jitter  of  the 
laser  line  across  the  absorption  peak  of  the  NO.  This  jitter  limited  the 
detection  of  transients  to  the  larger  of  5%  of  the  total  absorption  signal, 
or  0.08%  of  the  total  laser  Intensity. 

The  transient  NO  signal  was  also  modeled.  These  models  of  the  NO 
signals  during  beam  irradiation  showed  a  net  loss  of  v  =  0  during  electron 
beam  irradiation  due  to  N{^S)  formation  by  the  electron  beam.  The  net 


E.  C.  Zipf  and  R.  W.  McLaughlin,  "On  the  Dissociation  of  Nitrogen  by 
Electron  Impact  and  by  E.U.V.  Photo-Absorption,"  Planet.  Space  Scl  .  . 
26.  449  (1978). 

M.  H.  Rees  and  G.  J.  Romick,  "Atomic  Nitrogen  in  Aurora:  Production, 
Chemistry,  and  Optical  Emissions,"  J.  Geophys .  Res.,  90,  9871  (1985). 
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transient  signal  was  found  to  be  equal  to  a  change  of  2  x  lo'^  cm~^ 
averaged  over  5.5  cm.  This  signal  would  be  a  factor  of  2  below  the 
transient  detection  limit  established  in  the  experiment. 

Other  sources  of  NO  which  covild  account  for  the  observations,  but  were 
not  included  within  the  model  have  been  discussed.  The  most  likely  sources 
which  would  help  explain  the  results  arc  the  formation  of  Og  and  Og.  These 
proresses  would  either  enhance  the  N('^D)  populations,  as  is  the  case  of  O^. 
or  depress  the  N(^S)  population  as  in  the  case  of  Og.  As  yet.  there  :s 
insufficient  evidence  to  either  support  or  dismiss  cither  process. 
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Anil>  tical  formulas  are  presented  for  transforming  from  internal  coordin.ites  (r| .  ej.  9)  of  a  ly  mmelrie  trtalomir 
molecule  to  a  set  of  coordinates  which  satisfy  the  Eckarl  conditions.  An  espression  is  also  giien  fur  the  angle  0  by  which 
the  instantaneous  angle  bisector  is  rotated  in  the  Eckart  frame. 


Molecular  properties  which  depend  on  the  instan¬ 
taneous  nuclear  geometry,  such  as  the  potential  ener¬ 
gy  and  diptile  moment,  may  be  expressed  in  any  of 
several  coordinate  systems.  Internal  coordinates,  con¬ 
sisting  of  bond  lengths  and  internal  angles,  are  both 
convenient  aitd  physically  informative,  and  they  are 
coordinates  typically  used  in  ab  initio  electronic  struc¬ 
ture  calculations.  Internal  coordinates  do  not  explic¬ 
itly  deftne  the  molecule's  orientation  in  space, 
however.  For  this  purpose  one  utilizes  the  Eckarl  { I ) 
reference  frame,  in  which  for  a  specific  geometry 
defined  as  the  equilibrium  there  is  no  net  translation 
or  rotation  of  the  molecule. 

The  Eckart  frame  is  highly  useful  in  spectral  anal¬ 
ysis  for  several  reasons.  In  the  Eckart  frame  one  can 
construct  a  set  of  orthonormal  coordinates,  such  as 
the  conventional  normal  coordinates  as  well  as  sym- 
metry  (2)  and  "t"  (?)  coordinates,  in  which  the 
vibrational  Hamiltonian  is  conveniently  written.  For 
example,  an  ab  initio  potential  energy  surface  calculated 
on  a  grid  of  internal  coordinate  geometries  can  be 
transformed  to  normal  coordinate  space  to  generate 
normal  coordinate  force  constants;  then,  standard 
methods  can  be  used  to  calculate  vibrational  energy 
levels.  This  transformation  is  avoided  when  an  internal 
coordinate  formulation  of  the  vibrational  llamiltuman 


is  used,  as  in  the  case  of  a  triatomic  molecule  where 
the  exact  Hamiltonian  has  been  given  (4,5)  However, 
even  with  the  latter  Hamiltonian,  knowledge  of  the 
Eckart  frame  is  still  required  for  the  calculation  of 
vector  properties  such  as  dipole  moment  matiix  ele¬ 
ments,  since  these  properties  depend  on  the  molecule's 
orientation.  In  particular,  it  has  been  shown  (6-8) 
that  for  the  accurate  calculation  of  infrared  intensities 
the  dipsrie  moment  must  be  expressed  in  terms  of 
spatial  components  which  are  fixed  in  the  Eckarl 
frame.  To  define  these  components  we  need  to  know 
the  geometrical  relationship  between  the  Eckail  frame 
and  the  internal  coordinate  reference  frame.  In  a  tii- 
atomic  molecule  the  key  parameter  is  0,  the  instanta¬ 
neous  angle  of  rotation  of  the  valence  angle  bisector 
(6-8).  In  a  symmetric  triatomic  Q  is  non-zero  at 
asymmetric  geometries. 

The  transformation  from  internal  coordinates  to 
Eckart  frame  coordinates  and  the  calculation  of  0 
have  been  previously  described  by  Ermler  and  Krohn 
(8)  for  a  general  triatomic  molecule.  They  developed 
an  iterative  algorithm  for  solving  a  set  of  simultaneous, 
non-linear  equations  derived  from  the  Eckart  condi¬ 
tions.  and  they  used  this  algorithm  to  generate  normal 
coordinate  expansions  of  the  dipole  moment  and 
potential  energy  surfaces  for  the  water  molecule  from 
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u  grid  of  ah  initio  data  points.  Other  computer  programs 
are  available  for  generating  normal  coordinate  expan¬ 
sions  of  molecular  properties  for  larger  polyatomics 
[‘J.IO],  but  they  do  not  rely  on  a  point-by-point  trans- 
forniaiion  from  internal  to  normal  coordinates. 

The  purpose  of  this  Letter  is  to  point  out  that  in 
the  case  of  symmetric  triatismic  molecules  the  internal 
to  Eckart  coordinate  transformation  and  calculation 
of  P  reduce  to  very  simple,  analytical  results,  which  to 
our  knowledge  have  not  appeared  in  the  literature. 
While  ihe  restriction  to  symmetric  molecules  makes 
ihe  formulas  presented  here  less  versatile  than  the 
Ermlcr  and  Krohn  method,  a  number  of  important 
molecules  fall  into  this  category,  including  the  atmo- 
siiheric  species  HjO, O3 , CO2.  and  NOj .  These  formu¬ 
las  can  serve  as  a  double  check  on  alternative,  more 
general  methods,  and  they  may  also  be  useful  for 
developing  new  analytical  relationsliips  between  spec¬ 
troscopic  parameters. 

Our  coordinate  definitions  are  shown  in  fig.  I .  The 
equild  riutn  geometry  is  deftned  by  the  bond  length 
fg  and  half  angle  a,  while  the  instantaneous  geometry 
isdeilned  by  r|  .r^.and  internal  angle  t).  The  Cartesian 
.V  and. I'  unit  vectors  in  the  Eckart  frame  are  defrned 
as  the  eqiitlibrium  angle  bisector  r  and  a  vector /  per¬ 
pendicular  to  The  as  yet  utiknown  angle  between  r^ 
and/  is  denoted  0.  The  components  of  fj  and»’2  along 
/  and  /  are  then  given  by 


=/■,  co$0. 

(la) 

2x  =  r2  cos  (0  -  0) . 

(lb) 

t.v  *'’1 

(Ic) 

2,.  '  r-i  sin  (0  -  0)  . 

(IJ) 

e- 

rig.  1  Schematic  di.igrain  of  equilibrium  ( - )  and  instan- 

laneous  ( - )  mulecular  geometry. 


To  derive  an  expression  for  Ihe  angle  ^  we  examine 
the  asymmetric  stretching  normal  coordinate  Qj. 
which  is  identical  to  the  symmetry  coordinate  given 
in  fig  5S  of  llerzberg  (2).  We  obtain 

r^^  -  coi  a ,  (2a) 

riy  -r2y  =  2pSjSina,  (2h) 

wherep=  I  +  2m^/rriu.  Inserting  eqs.  (la)--(ld)  into 
eqs.  (2a)  and  (2h)  and  making  use  of  trigonometric 
identities,  Ihe  resulting  two  equations  may  be  solved 
simultaneously,  yielding 

p(r^  -  cos  9)tan  a*  sin  0 

ran  ^  = - .  (3a) 

pr^  sin  0  tan  Or  ♦  r-j  +  cos  d 

In  Ihe  above  derivation  we  have  implicitly  assumed 
a  bent  molecule.  The  procedure  for  a  linear  molecule 
IS  the  same  if  it  is  understood  that  the  Eckart  reference 
frame  is  chosen  to  pass  ilirnugh  the  molecular  plane 
during  vibrational  motion.  The  result  is 

tan  ^  =  (r|  -  r2  cosfl)/r2  sin  0  ,  (3b) 

which  is  the  a  *  ^  rr  limit  of  eq.  (3a). 

Kaving  solved  for  0,  we  may  readily  transform  to 
the  symmetry  coordinates,  which  are  Eckart  frame 
coordinates.  From  eq.  (2b)  we  have 

-r2y)l>i\na,  (4) 

Finally,  the  definitions  of  5)  and  52  yield 
5,  =/-j  sin  o  -  y(r,^  +r2^),  (.5) 

S-,=rgZoialp  r^xY.lp  .  (6) 

In  the  linear  molecule  limit,  the  symmetry  coordinates 
become  equivalent  to  those  shown  in  fig.  25  of 
llerzberg  |2]. 

Having  obtained  the  symmetry  coordinates,  trans¬ 
formation  to  any  other  set  of  Eckart  nrthonormal 
coordinates  is  straightforward,  since  they  are  linearly 
related.  In  particular,  the  method  for  transforming 
fiom  symmetry  to  normal  coordinates  may  be  found 
in  llerzberg  12|.  For  a  linear  molecule  the  symmetry 
and  normal  coordinates  are  identical. 

As  discussed  elsewhere  |6-8l,  the  orientation  of 
the  Eckart  frame  relative  to  the  instantaneous  geometry 
enters  into  the  calculation  of  dipole  moment  tnatrix 
elements.  Here,  the  parameter  of  interest  is  the  angle 
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of  rotation  0  between  the  unit  vector/  and  the  instan¬ 
taneous  angle  bisector  The  dipole  moment  com¬ 
ponents  '•'*'VAB-^AH 

used  to  generate  the  dipole  moment  components 
(jtjf.tty)  in  the/,/ (Eckari)  frame  via  the  transformation 

/cosU  -sin0w/i,VAB\  (7) 

tiyi  Vsin/1  COS0/V/i^.y^g  / 

From  fig.  I, 

0  =  (8) 

Application  of  the  formulas  presented  here  will  be 
illustrated  in  a  forthcoming  publication  on  ozone  vi¬ 
brational  intensities  (I  l|. 
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An  ab  initio  dipole  moment  function  for  ozone  has  been  computed  using  the  CASSCF  (complete 
active  space  self-consistent  field)  method,  and  forms  the  basis  for  a  calculation  of  ozone  infrared 
band  intensities.  Vibrational  wave  functions  were  generated  using  the  variational  method  with 
potential  energy  surfaces  derived  from  experimental  force  constants.  Computed  values  of  the 
permanent  dipole  moment,  dipole  moment  derivatives,  and  infrared  band  strengths  are  all  found 
to  be  in  remarkably  good  agreement  with  experiment.  Intensities  are  predicted  for  hot  bands  for 
which  experimental  values  are  unavailable,  and  implications  for  atmospheric  ozone  spectroscopy 
are  discussed.  As  the  dipole  moment  matrix  element  signs  are  now  established  for  nearly  all  of  the 
observed  bands,  further  refinement  of  the  dipole  moment  function  is  possible. 


I.  INTRODUCTION 


As  the  ozone  molecule  is  one  of  the  most  important 
species  in  the  earth's  atmosphere,  its  spectral  properties  have 
been  the  subject  of  intensive  study.  Of  particular  interest  is 
its  infrared  spectrum,  which  is  prominent  in  long  path  ab¬ 
sorption,  and  which  has  also  been  seen  in  emission  in  the 
upper  atmosphere.  Recently,  new  attention  has  focused  on 
the  properties  of  ozone’s  excited  vibrational  levels,  motivat¬ 
ed  in  large  measure  by  the  observation  of  atmospheric  emis¬ 
sion  in  the  10//  (vj)  band  resulting  from  the  O  -f  Oj-*Oj 
recombination  process. '  Further  studies  have  been  conduct¬ 
ed  by  Rawlins  et  al}  '  at  the  Air  Force  Geophysics  Labora¬ 
tory's  COCHISE  facility,  which  provides  a  low  pressure, 
cryogenic  environment  for  the  observation  of  infrared  che¬ 
miluminescence.  These  experiments  have  identified  ozone 
lO/i  chemiluminescence  from  vibrational  levels  containing 
as  many  as  five  stretching  quanta.  This  hot  band  emission, 
which  is  red  shifted  from  the  Vj  fundamental,  may  provide  a 
significant  source  of  infrared  background  radiation  in  the 
upper  atmosphere.  Some  ozone  hot  bands  also  appear  in  at¬ 
mospheric  absorption  spectra,  and  need  to  be  taken  into  ac¬ 
count  in  applications  such  as  the  detection  of  trace  gases. 

As  the  bulk  of  our  knowledge  of  ozone  infrared  proper¬ 
ties  is  derived  from  ambient  temperature  absorption  experi¬ 
ments,  which  observe  mainly  transitions  from  the  ground 
vibrational  state,  considerably  less  is  known  about  hot  band 
properties.  To  better  understand  ozone  infrared  spectrosco¬ 
py,  and,  in  particular,  to  permit  vibrational  level  populations 
to  be  derived  from  hot  band  spectra,  we  have  undertaken  the 
theoretical  calculation  of  ozone  pure  vibrational  intensities. 
The  intensities  may  be  expressed  either  in  terms  of  the  Ein¬ 
stein  A  coefficient, 

/t/s-'  =:2.026xl0-*(v/cm-')’(R/eOo)*  (1) 

or  in  terms  of  the  band  strength  5, 

5/atm  '  cm“*at298K  =  66.15(v/cm” ')(R  /ea„)’,(2) 
where  v  is  the  wave  number  of  the  band  origin  and  R  is  the 


dipole  moment  matrix  element  in  atomic  units  (lea„ 
=  2.341  77  D).  The  results  presented  in  this  paper  are  based 
on  a  new  ab  initio  dipole  moment  function  which  was  gener¬ 
ated  using  the  CASSCF  (complete  active  space  self-consis¬ 
tent  field)  method,  and  which  constitutes  a  great  improve¬ 
ment  over  previous  calculations.  For  the  potential  energy 
function  a  polynomial  expansion  derived  from  experimental 
force  consunts  was  used.  The  vibrational  analysis  was  car¬ 
ried  out  using  the  variational  method  to  generate  accurate 
vibratimud  wave  functions.  With  this  approach  we  have  ob¬ 
tained  remarkably  good  agreement  with  fundamental,  over¬ 
tone,  and  combination  band  intensities  observed  in  infrared 
absorption  from  the  ground  vibrational  state.  We  feel  that 
the  calculated  hot  band  intensities  are  comparably  reliable, 
and  will  be  valuable  for  the  modeling  of  atmospheric  and 
laboratory  spectra.  Moreover,  since  ambiguities  in  the  signs 
of  the  dipole  moment  matrix  elements  have  now  been  re¬ 
solved,  the  dipole  moment  can  be  further  refined  using  the 
experimental  band  strengths. 


\\.AB  INITIO  DIPOLE  MOMENT  AND  POTENTIAL 
ENERGY  SURFACES  FOR  OZONE 


The  dipole  moment  and  potential  energy  surfaces  were 
calculated  using  two  different  Cartesian  basis  sets.  For  gen¬ 
erating  the  global  surfaces  a  standard  double-zeta  plus  polar¬ 
ization  (DZP)  basis  was  used  which  consisted  of  the  (9s3/>|  set 
of  Huzinaga*  contracted  to  [4i2p]  according  to  Dunning,' 
augmented  with  a  d  function  with  an  orbital  exponent  of 
0.85.  In  addition,  to  study  the  sensitivity  of  the  dipole  mo¬ 
ment  and  its  first  derivatives  to  basis  set  quality,  calculations 
were  performed  at  points  near  the  equilibrium  geometry  us- 
inga  (I  I56p2d )  [(aTipld  ]  triple-zeta  plus  double  polari/.ition 
(TZ2P)  basis.  The  6is3p  basis  consisted  of  the  [61 1 1 1 1/41 1) 
contraction  of  van  Duijneveldt,'’  and  was  augmented  with 
two  d  functions  (a  =  0.83  and  0.20). 

In  C,„  symmetry  the  ground  state  of  ozone  can  be  » rit- 
ten  as 
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la-  -bal  lb]  •••‘Wi*  In*  (3) 

It  IS  well  known  that  the  Hartree-Fock  (HF)  level  provides  a 
rather  poor  description  or  the  biradical  character  of  the  'A , 
ground  state.  The  first  qualitatively  correct  description  of 
the  bonding  is  given  by  the  two-configuration  generalized 
valence  bond  (CVD)  wave  function,  which  can  be  written  in 
symmetry  as’ 

loj  -60’  \b]  \hl  •••4/.|[c,(lai)-Cj(2*i)].  (4) 

The  description  of  the  wave  function  can  be  further  im¬ 
proved  with  more  elaborate  G  VB  wave  functions  construct¬ 
ed  with  correlating  configurations  involving  both  the  a  and 
ir  electrons.  We  have  also  considered  all  single-  and  double- 
exci  atipn  configuration-interaction  [CI(SD)]  wave  func¬ 
tions  from  both  the  HF  and  GVB  (two-configuration)  refer¬ 
ences  with  a  variety  of  molecular  orbital  bases.  Finally,  we 
have  considered  complete  active  space  self-consistent  field 
(CASSCF)*  *  wave  functions  in  which  the  12  \s  and  2s  elec¬ 
trons  were  inactive  (doubly  occupied)  and  the  1 2  0{2p)  elec¬ 
trons  were  active. 

In  Table  I  we  have  summarized  the  effects  of  electron 
correlation  on  the  dipole  moment  of  ozone  near  the  equilibri¬ 
um  geometry  using  both  the  DZP  and  TZ2P  basis  sets.  At 
nearly  all  levels  of  correlation  the  TZ2P  basis  gives  a  slightly 
smaller  magnitude  for  the  dipole  moment,  owing  to  the 
somewhat  more  diffuse  nature  of  the  wave  functions  when 
the  diffuse  d  function  is  included.  Once  the  basis  sets  reach 
DZP  quality,  the  magnitude  of  the  dipole  moment  is  signifi¬ 
cantly  overestimated  at  the  HF  level,  but  significantly  un¬ 
derestimated  at  the  GVB  level,  mainly  through  changes  in 
the  doubly  occupied  orbitals.  As  more  configurations  are 
added  to  the  GVB,  the  dipole  moment  increases  in  magni¬ 
tude,  and  the  occupied  orbitals  more  closely  resemble  those 


TABLE  I  Baiii  wt  and  corrcUlion  cflecu  on  the  dipok  moment  of  ozone. 


Description  of  method 

Dipole  moment/D 

DZP* 

TZ2I>' 

III- 

-OSW 

-0766 

gvb 

-0  127 

-0.141 

GVB  f  tr*— »*’(lij-.2i>l) 

-0.203 

GVB  4-  o’-kt** 

-023*' 

OVB-f  r'-f-’ -1- 

-0.317' 

Cl  (SD|  from  HF  reference 

-0709 

-066S 

Cl  ISD)  from  t»o-referencm  (GVB) 

using  GVB  orbitala 

-0356 

-  0.339 

Cl  (SD|  from  two-references  (GVB) 
using  natural  orbitala 

from  prrvioua  Cl 

-0.402 

Cl  |SD|  from  two-reference  (GVB) 
using  HF  occupied  ortnUla 

and  GVB  virtual  orbitala 

-0.334 

CASSCF  with  U,  2r  orbiult 

inactive.  2p  orbitala  active 

-  0,557 

-0.336 

Eaperimental 

-  0  332  ±  0  oor 

‘CakuUlcd  at  r  •  \.Vt  A.  »  i  i6.S*;  Me  the  test  for  dCKiiption  of  the 
baza  teu.  The  positive  direction  is  taken  ss  the  valcoee  antic  biseclor  vec¬ 
tor. 


'Carried  out  in  C,  symmetry  to  allow  the  orbitals  to  locaiize,  thus  minimiz- 
mg  the  number  of  eondguruliens  included.  Note  that  the  overall  wave 
function  has  C,.  symmetry  even  though  the  individual  osbilals  do  noL 
'  Ahsolulc  value  measured  in  Ref.  13. 


obtained  from  HF.  These  same  trends  can  be  seen  in  the 
CI(SD)  results  as  well.  All  singles  and  doubles  from  the  HF 
configuration,  although  better  than  HF,  still  results  in  a  di¬ 
pole  moment  that  is  larger  in  magnitude  than  experiment. 
Similarly,  the  two-reference  CI(SD|  dipole  moment  (using 
GVB  orbitals),  although  significantly  better  than  GVB,  is 
still  too  small.  The  two-reference  CI|SD)  result  is  further 
improved  upon  a  natural  orbital  iteration.  Also,  from  Table  I 
one  can  see  that  the  dipole  moment  is  significantly  better 
when  a  mixed  orbital  set  is  used  (HF  occupied  orbitals  com¬ 
bined  with  GVB  2b,  and  virtual  orbitals).  These  results  sug¬ 
gest  the  need  fora  balanced  treatment  ofboth  the  correlation 
and  orbital  optimization,  such  as  in  the  CASSCF  approach. 
The  CASSCF  wave  functions  produce  dipole  moments  in 
quantitative  accord  with  experiment,  differing  only  by  about 
0.02  D  between  the  two  bases.  This  good  agreement  suggests 
that  the  CASSCF  wave  function  provides  a  balanced  de¬ 
scription  of  the  charge  distribution  in  ozone,  as  has  been  the 
case  in  previous  POLCI  treatments."* 

In  Table  II  we  compare  the  dipole  moment  first  deriva¬ 
tives  computed  with  both  the  DZP  and  TZ2P  basis  sets  at  the 
CASSCF  level  with  those  obtained  from  experimental  in¬ 
frared  intensity  data. ' '  (The  dipole  moment  vector  compo¬ 
nents  are  given  as and  /i,vAR>  where  the  axis  is 
defined  as  the  valence  angle  bisector,  and  the  ^vab 
perpendicular  to  Xvab  directed  towards  ther,  side  of  the 

molecule;  this  is  consistent  with  Fig.  I  of  Ref.  12.)  The  de¬ 
rivatives  are  found  to  be  in  far  better  agreement  with  experi¬ 
ment  than  previous  HF  and  selected  CI(SD)  results.”  The 
derivatives  using  the  TZ2P  basis  are  in  particularly  good 
agreement  with  experiment,  suggesting  that  a  diffuse  d  func¬ 
tion  is  required  for  very  quantitative  results. 

The  goal  of  the  present  study  was  to  construct  a  global 
dipole  moment  surface  for  ozone  that  extended  to  large 
enough  displacements  to  allow  the  determination  of  over¬ 
tone,  combination  and  hot  band  intensities.  The  CASSCF 
method  was  selected  not  only  because  of  its  quantitative  de¬ 
scription  of  the  dipole  moment  and  its  first  derivatives,  but 


TABLE  II  Ozone  dipole  moment  lirM  denvalivet  uiing  CASSCF  wave 
functionv  Unila  arc  D,  A.  and  rad. 


Denvalive* 

DZP' 

TZ2P* 

Eipi.* 

'V.v»a 

dr 

0X7 

0  71 

0  76 

ae 

095 

0S3 

0  74 

dr 

-  2  41 

-  2  45 

-  2  60 

'Hie  denvativea  are  the  coefficienis  in  the  Taylor  eipansions 


.  A^ivaa  ,4.  ,  4  ,  ,  Ar,v4a  4„ 

/'.YAi  “  -F T - (4',  -t  dr, I  +  — — —  dtf 

fff  d9 

and 

ATa'AB  ,4  4  , 

/TjVAa  “ - r - (dr,  -  dr,) 

dr 

'Evaluated  air.  I  2Tt  A.  «  .  IlSr 

'From  Ref.  II,  obtained  by  Stling  the  dipole  moment  to  infrared  intensity 
data,  and  evalualcd  at  the  eapcnmenial  niuilibnum  geometry,  r  .  1 .272 

A.  R.  tier 
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also  because  the  method  uses  a  fixed  configuration  list,  and  is 
therefore  capable  ofhigh  precision,  especially  when  quadrat¬ 
ic  convergence  is  employed.  All  calculations  were  carried 
out  in  C,  symmetry  to  ensure  that  no  discontinuities  arose 
upon  asymmetric  bond  stretches.  In  C,  symmetry  using  the 
DZP  basis  the  CASSCF  included  1292  CSPs,  which  in¬ 
cludes  all  possible  arrangements  of  the  1 2  valence  OI2p)  elec¬ 
trons  in  nine  active  2p  orbitals.  The  CASSCF  energy  and 
dipole  moment  were  evaluated  at  over  200  geometries  which 
thoroughly  covered  the  range  of  vibrational  energies  from  0 
to  1  eV  for  bond  lengths  of  up  to  1.754  A.  As  will  be  shown  in 
Sec.  V,  the  good  agreement  between  the  experimental  and 
calculated  band  strengths  suggests  that  this  ab  initio  dipole 
moment  function  is  reasonably  accurate  over  the  range  of 
geometries  probed  by  the  vibrational  states  considered. 

Near  the  equilibrium  geometry  the  shape  of  the 
CASSCF  potential  energy  surface  is  quite  accurate.  We  have 
obtained  values  for  the  equilibrium  bond  length  and  internal 
angle  and  internal  coordinate  force  constants  by  performing 
least  squares  polynomial  fits  to  the  grid  of  potential  energy 
values.  The  calculated  equilibrium  bond  length  r,  is  1  2956 
A,  which  is  only  slightly  longer  than  the  experimental  val¬ 
ue'*”  of  1.2717  A,  while  the  equilibrium  angle  is  116.5*, 
essentially  identical  to  the  experimental  value  of  1 16.8*.  An¬ 
other  mea-sure  of  the  accuracy  of  the  potential  surface  is  pro¬ 
vided  by  the  force  constants,  which  are  the  coefficients 
in  the  Dunham  expansion 


where  x,  =  Ar,/r,,  x,  =  Xj  =  A0{Ar,  and  40  de¬ 

note  displacements  relative  to  equilibrium);  Sn  —  1  when 
I  =  0  and  f o,  =  0  otherwise.  To  facilitate  comparison  with 
experimental  force  constants  we  took  r,  in  the  above  expres¬ 
sion  as  1.2717  A,  while  the  4r,  were  taken  relative  to  the 
calculated  equilibrium  distance  'of  1 .2956  A.  This  effectively 
shifts  the  CASSCF  surface  to  match  the  experimental  equi¬ 
librium  distance.  We  derived  force  constants  from  two  sepa¬ 
rate  fils  to  test  for  stability.  The  quadratic  and  cubic  force 
constants  were  found  to  be  stable,  and  appear  in  Table  III. 
They  agree  very  well  with  experimental  values  derived  from 
rotation-vibration  spectral  analysis."^-*' 


TABLE  III.  Quadratic  and  cubic  force  conitanU  of  Ihe  DZP  CASSCF  po¬ 
tential  energy  surface  for  ozone  1 10~  ”  erg/A'|. 


i 

J 

k 

Fii  1* 

Fil  2“ 

Ez  penmen  (al* 

0 

1 

0 

17  1 

17  1 

16  02 

0 

1 

1 

-  15  4 

-  119 

-  130 

0 

0 

2 

6  30 

6  29 

6  5 

0 

0 

3 

-  361 

-  3  60 

-  3  9 

1 

1 

0 

-9  13 

-  11  2 

-  16  S 

1 

0 

1 

361 

364 

4  02 

1 

0 

2 

-  15  1 

-  144 

-  154 

2 

0 

0 

274 

279 

30815 

1 

0 

1 

-6  37 

-  174 

-  156 

3 

0 

0 

-  1169 

-  1114 

-  1164 

‘Siiih  degree  Dunham  polynomial,  SO  terms,  a  ■>  OnOdOx  10  ~  ”  erg 
“Fifth  degree  Dunham  polynomial,  34  lermt,  a  -  00075X  10  ''erg 
'  From  Ref  16 
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As  a  further  lest  of  the  CASSCF  potential  energy  sur¬ 
face,  we  calculated  the  frequencies  of  the  lowest  few  vibra¬ 
tional  levels  using  the  variational  procedure  described  in 
Sec.  IV;  the  results  are  presented  in  Table  IV.  Agreement 
with  the  experimental  values  is  within  2%  to  1 1  %,  which  is 
consistent  with  the  small  error  in  the  quadratic  force  con¬ 
stants. 

Although  Ihe  CASSCF  calculation  is  size  consistent, 
the  computed  binding  energy  is  only  about  0.5  eV,  compared 
to  the  experimental  value  of  1. 1  eV,”  owing  to  the  fact  that 
the  calculation  recovers  only  a  portion  of  the  extra  molecu¬ 
lar  correlation  energy.  The  surface  is  thus  not  globally  accu¬ 
rate.  and  would  not  be  appropriate  for  studying  the  dissocia¬ 
tive  pathways  of  ozone.  The  dipole  moment  surface  should 
be  less  sensitive  to  the  missing  correlation  energy  and  should 
therefore  be  more  globally  accurate.  In  fact,  we  feel  that 
extending  the  dipole  moment  surface  to  the  TZ2P  CASSCF 
level  would  be  more  accurate  and  precise  than  extending  the 
DZP  CASSCF  with  a  CI|SD)  from  the  important  references 
in  the  CASSCF.  It  would  be  difficult  to  extend  to  the  CI(SD) 
level  in  a  precise  way  because  there  are  many  important  re¬ 
ferences  that  change  with  geometry  in  the  CASSCF  wave 
functions. 

Given  the  limitations  of  the  CASSCF  potential  energy 
surface,  especially  at  large  vibrational  amplitudes,  we  next 
consider  alternative  potential  surfaces  which  are  more  suit¬ 
able  for  the  calculation  of  ozone  infrared  intensities. 

III.  IMPROVED  OZONE  POTENTIAL  ENERGY 
SURFACES 

A.  Available  potential  energy  aurfacee 

A  number  of  potential  energy  surfaces  for  ozone  de¬ 
rived  from  observed  spectra  have  appeared  in  the  literature. 
One  class  of  surfaces  is  in  a  functional  form  due  to  Sorbie  and 
Murrell'*’”  which  insures  proper  dissociation  to  products. 
The  most  recent  of  these  surfaces,  that  of  Carter  cf  a/.,’’ 
reproduces  the  observed  band  frequencies  reasonably  well, 
but  contains  cubic  and  quartic  force  constants  which  differ 
considerably  from  the  experimental  ones.  This  is  of  particu¬ 
lar  concern  in  the  ca.se  of  the  cubic  force  constants,  whose 
experimental  values  should  be  very  reliable  as  they  derive 
from  rotational  constants  measured  from  high  resolution 
spectra. 

An  alternative  approach  which  incorporates  the  expert- 


TABLE  IV.  Vibriiional  energy  level*  of  ihe  DZP  CASSCF  polcniial '  nergy 
surface  for  ozone  {cm  ’ ) 


‘l 

'•l 

v. 

Calculilcd* 

E>penmenial  IRet  I6| 

0 

1 

0 

684 

701 

0 

0 

1 

928 

1042 

1 

0 

0 

1050 

1 103 

0 

2 

0 

1364 

1 

0 

1 

1 

1589 

1727 

1 

I 

0 

1721 

I7>J5 

1 

0 

1 

191 1 

2111 

degree  Dunhim  poijnofniti,  147  b.wi*  fuiiLiion*  per  vibrutioful 

•ymmeiry. 
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menial  force  constants  is  to  use  a  potential  function  consist¬ 
ing  of  a  polynomial  in  suitable  expansion  variables  such  as 
the  Simons-Parr-Finlan^'-^’  (SPF)  variables  Jr,/r,  Jr,/r, 
andJd.  The  force  constants  associated  with  this  new  set 
of  vanubles  are  defined  in  a  way  such  chat  when  the  Taylor 
expansion  i5)  in  the  Dunham  variables  x,  is  taken,  the  coeffi¬ 
cients  A.', ^4  arc  exactly  the  experimental  force  constants.  Car¬ 
ney  et  al}^  have  applied  this  method  to  water  and  ozone, 
obtaining  improved  hand  centers  by  using  SPF  variables  in¬ 
stead  of  Dunham  variables.  The  optimum  ozone  results 
were,  however,  obtained  by  using  a  potential  energy  function 
which  IS  a  linear  combination  of  the  two  expansions. 

While  an  SPF  or  other  expansion  variable  potential  en¬ 
ergy  function  cannot  exhibit  proper  long  range  behavior  at 
all  geometries,  it  can  do  a  reasonably  good  job  at  modest 
bending  angles.^*  Moreover,  its  polynomial  form  is  highly 
efficient  for  our  variational  program,  as  it  avoids  the  need  for 
a  three-dimensional  integration  to  evaluate  potential  energy 
matrix  el<'ments.  Thus,  for  both  the  sake  of  accuracy  and 
efficiency,  we  used  an  expansion  vanable  polynomial  as  our 
potential  energy  function  in  the  following  calculations. 
However,  to  study  higher-lying  vibrational  states  a  more  re¬ 
alistic  potential  energy  surface  will  be  required. 

B.  Choice  of  expansion  variables 

Calculations  were  performed  using  three  different  ex¬ 
pansion  variable  potential  energy  surfaces.  The  force  con¬ 
stants  were  taken  as  the  experimental  values  from  Barbe  et 
al. The  first  surface  was  the  Dunham  expansion,  which  as 
discussed  in  Sec.  IV  was  used  mainly  as  a  lest  of  our  vari¬ 
ational  algonthm,  since  it  gives  rather  poor  agreement  with 
experimental  energy  levels.  Next,  we  used  the  SPF  variables 
and  obtained  improved  results  similar  to  those  given  pre- 
s  lously.*'  Finally,  hoping  to  further  improve  upon  the  calcu¬ 
lated  energy  levels,  we  tried  the  set  of  expansion  variables 
given  by 

_  I  -  cxp(  -aJr.) 

)  ,  = - ,  (61 

nr, 

_  I  -exp(  -ofJr,) 

>2 - '  I'l 

ar, 

=  (8) 

which  are  the  expansion  variables  appropriate  for  treating 
the  bond  stretches  as  Morse-like  oscillators  We  shall 
refer  to  the  potential  surface  based  on  the  variables  (6H8|  as 
the  MPMO  potential,  since  it  is  a  multidimensional  general- 
'  '  ■tion  of  the  potential  function  which  Refs.  24  and  25  call 
tlic  perturbed  Morse  oscillator  (PMO).  The  algebra  for  gen¬ 
erating  the  MPMO  force  constants  from  Dunham  force  con¬ 
stants  is  given  in  Appendix  A.  We  performed  calculations 
with  two  different  a  values,  2.5  and  2.7192  A"'.  The  former 
value  is  appropriate  for  the  oxygen  molecule,  while  the  latter 
was  cho.sen  to  give  a  zero  quartic  expansion  coefficient  ^<00 
and  a  nearly  zero  cubic  coefficient  Cjm  (see  Appendix  A). 
The  calculated  vibrational  energy  levels  differed  by  at  most  2 
cm  ~ '  for  the  two  different  values  of  a. 

A  comparison  of  experimental  and  calculated  vibra¬ 
tional  energy  levels  using  the  MPMO  potential  function  ap- 


TABLE  V.  Vibrmliunal  enerfy 
■talc  |0  0  0). 


levels  of  ozooe  (cm  ~  '|  relative  to  the  ground 


Sute 

v. 

Vl 

Expll* 

MPMO* 

Carter' 
t!  at 

U 

u 

1 

0 

7fJ0  9 

700  5(0.1) 

701 

0 

0 

1 

1042  1 

1042  4(0  01 

1043 

1 

0 

0 

1103  1 

1101  1(0  1) 

1103 

44 

0 

2 

0 

1399  3 

1397.4(0  1| 

IB 

0 

1 

1 

1726.5 

1724  7(0  0) 

1730 

54 

1 

1 

0 

1795  3 

1792  2(021 

1790 

64 

0 

0 

2 

2058.0 

2059  8(0  6) 

2061 

74 

0 

3 

0 

2088.5(1.1) 

iB 

1 

0 

1 

2110.8 

2)08.6(0  2) 

2112 

84 

2 

0 

0 

2201  3 

2196.6(0.3) 

2201 

AB 
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3207 
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3 

0 
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*  Band  origins  from  Ref  16,  excejM  for  the  (0  2  0|  stale  from  Ref  26. 

2  7I<>2  A'  ',224  basis  functioiu  per  vibrational  symmetry.  Number  in 
pareniheset  is  the  change  in  energy  when  using  147  functioiu  per  vibra¬ 
tional  symmetry.  The  lero  point  energy  is  1454.9  cm" '. 

•Reference  21. 

pears  in  Table  V.  The  good  agreement  is  comparable  to  that 
obtained  with  either  the  Carter  et  al.  function”  or  the  opti¬ 
mal  Dunham-SPF  function  of  Carney  et  and  superior 
to  that  obtained  with  the  pure  SPF  function.  We  have  in¬ 
cluded  several  additional  levels  not  reported  in  Refs.  2 1  or  23 
which  were  well  converged  in  our  calculation. 

At  this  point  it  is  worthwhile  to  briefly  discuss  the  vari¬ 
ational  vibrational  analysis  method  used  to  generate  the  en¬ 
ergy  levels  in  Tables  IV  and  V  and  the  infrared  intensities  to 
be  presented  in  Sec.  V. 

IV.  VIBRATIONAL  ANALYSIS  METHOD 

An  overview  of  our  procedure  for  generating  vibration¬ 
al  energies  and  intensities  is  provided  by  the  Fig.  1  flow 
chart.  Force  constants  appropriate  to  the  chosen  set  of  ex¬ 
pansion  variables  (Dunham,  SPF,  or  MPMO)  were  generat¬ 
ed  from  either  experimental  Dunham  force  constants  or  by 
least  squares  fitting  the  grid  of  ab  initio  points.  Next,  the 
force  constants  were  input  into  our  variational  vibrational 
stale  program,  which  is  based  on  the  Camey-Cropek  algo¬ 
rithm.”  This  algorithm  solves  the  exact  pure  vibrational  Ha¬ 
miltonian  in  internal  coordinates,  generating  energy  levels 
and  wave  functions,  and  is  described  in  detail  elsewhere.’* 
The  basis  functions  are  products  of  one-dimensional  radial 
and  angular  wave  functions.  Although  ideally  suited  for 
molecules  such  as  water  which  have  predominantly  local¬ 
mode  vibrational  motion,  this  variational  program  also 
works  quite  well  for  ozone.  With  the  Dunham  expansion 
potential  surface,  ten  quadrature  points  per  vibrational  coor¬ 
dinate,  and  a  total  of  448  basis  functions  (224  per  vibrational 
symmetry)  we  achieved  0.3  cm"'  or  better  energy  level 
agreement  with  a  converged  1140-function  calculation 
which  used  the  Watson  Hamiltonian  in  “f  ”  coordinates.” 
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FIG  1.  Vibrstional  anilysis  flow  chart 

(An  frror  in  an  earlier  program  version  was  primarily  re¬ 
sponsible  for  the  poorer  agreement  in  Ref.  27.)  Also  comput¬ 
ed  arc  the  matrix  elements  of  the  first  through  sixth  powers 
of  the  expansion  variables,  evaluated  in  the  basis  set  of  one¬ 
dimensional  functions.  These  matrix  elements  were  used  to¬ 
gether  with  the  full  vibrational  wave  functions  in  the  calcula¬ 
tion  of  the  dipole  moment  matrix  elements. 

The  next  step  is  to  generate  an  expansion  variable  po¬ 
lynomial  expression  for  the  dipole  moment  function.  As  dis¬ 
cussed  elsewhere”  '^  it  is  necessary  to  transform  from 
the  valence  angle  bisector  (VAB)  reference  frame  used  in  the 
ab  iniiio  calculation  to  the  Eckart  frame;  this  transformation 
involves  a  rotation  in  the  plane  of  the  molecule  by  a  small 
angle)?.  The  case  of  symmetric  triatomic  molecules,  such  as 
the  principal  isotope  of  ozone,  is  discussed  in  further  detail 
by  Adler-Golden  and  Carney, who  present  an  analytical 
formula  for  0.  This  transformation  was  applied  at  each  ab 
initio  geometry,  yielding  the  values  of/i,  and/i^,  the  Eckart 
frame  analogs  of  the  VAB  dipole  components  defined  in  Sec. 
II.  The  resulting  grids  of/ij,  and  /t,  values  were  each  least 
squares  fitted  to  an  expansion  variable  polynomial  of  the 
appropriate  symmetry.  The  expansion  coefficients  obtained 
using  MPMO  variables  are  given  in  Table  VI.  The  dipole 
function  has  been  shifted  to  account  for  the  difference 
between  the  CASSCF  and  experimental  equilibrium  geome¬ 
tries;  as  shown  in  Sec.  VI,  this  gives  improved  agreement 
with  the  experimental  permanent  dipole  moment.  Since  n, 
and^,  are,  respectively,  even  and  odd  upon  interchange  of  r, 
and  r,,  the  ft,  function  is  in  the  same  form  as  Eq.  (S|  and 
Appendix  A  potential  functions,  while  for/i,  the  plus  sign  in 
the  numerator  is  changed  to  a  minus  sign.  Finally,  the  dipole 
moment  polynomial,  the  one-dimensional  matrix  elements, 
and  the  vibrational  wave  functions  were  combined  to  yield 


TABLE  VI  Coefficients  of  the  dipole  moment  eipansion  in  MPMO  varis- 
bles,  a  =  2  7192  A"  units  are A,  and  rad./i,  has  Ihesame  functional 
form  as  the  potential  Fin  Appendix  A.  For/i,  the  plus  sign  is  changed  lu  a 
minus  sign. 
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the  dipole  moment  matrix  elements  R  .R  \%  calculated  some¬ 
what  differently  for  each  combination  of  vibrational  symme¬ 
tries  A  and  B. 

/f.a  =  (9a) 

(%) 

.  (‘’cl 

The \A  )  and  |5  )  wave  functions  have,  respectively,  even  and 
odd  values  of  the  asymmetric  stretching  quantum  number 
»s 

It  should  be  noted  that  fl  and  hence  the  orientations  of 
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TABLE  VII.  Dipn'r  tnomenl  elements  leog)  connectini  the  A  and  B  vibrational  slates. 
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Ihe  Eckarl  frame  x  and >>  axes  are  dependent  on  the  relative  V.  RESULTS 
atomic  masses.  Therefore,  slightly  different  dipole  moment 

components  would  be  obtained  with  different  partially  sub*  Results  for  the  dipole  moment  matrix  elements  con¬ 
stituted  isotopes.  All  calculations  reported  here  pertain  to  nccting  the  first  13  vibrational  states  of  each  symmetry  are 

the  principal  ozone  isotope  (mass  of  each  0  =  15.9997  amu).  presented  in  Tables  VII  through  IX.  For  these  calculations 

Another  caveat  is  that  our  matrix  element  signs  are  specific  the  a  =  2.7192  A"'  MPMO  potential  energy  surface  was 

to  the  phases  of  our  numerical  wave  functions,  a  fact  which  used  with  224  basis  functions  of  each  symmetry.  The  dipole 

must  he  considered  when  comparing  the  current  results  to  moment  function  was  the  sixth  degree  polynomial  fit  given 

calculations  which  employ  a  different  phase  convention.  in  Table  VI.  The  matrix  elements  are  well  converged  with 

TABt  E  VIII  Dipole  moment  matru  elements  (ea,)  connecting  the  A  vibrational  states. 
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TABLE  IX.  Dipole  moment  matrix  elements  (eOol  connecting  the  B  vibrational  states. 
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respect  to  the  choice  of  potential  energy  surface,  degree  of 
the  dipole  moment  polynomial,  and  number  of  basis  func¬ 
tions.  With  a  smaller  basis  set  (147  functions),  only  a  few  of 
the  m.itrix  elements  involving  the  higher-lying  states  change 
appreciably.  In  particular,  the  changes  are  small  enough  that 
the  allowed  lO/r  v,  transitions  are  not  appreciably  affected. 
The  use  of  SPF  rather  than  M  PMO  expansion  variables  had 
an  even  smaller  effect,  as  did  the  use  of  a  fifth  rather  than  a 
sixth  degree  dipole  moment  fit. 

We  conclude  that  the  dipole  moment  matrix  elements 
in  Tables  Vll  through  IX  do  not  significantly  reflect  either 
approximations  in  the  vibrational  wave  functions  or  the 
manner  in  which  the  dipole  moment  function  is  fit,  except 
possibly  where  forbidden  transitions  between  high  energy 
levels  are  involved.  Thus,  by  comparing  calculated  infrared 
intensities  [using  Ec).  (2)]  with  experimental  values  a  direct 
test  of  the  quality  of  the  ab  initio  dipole  moment  is  afforded. 

VI.  COMPARISON  WITH  EXPERIMENTAL 
VIBRATIONAL  INTENSITIES 
A.  Survoy  of  exporlmental  data 

A  large  amount  of  infrared  absorption  data  exists  for 
ozone,  including  many  high  resolution  spectra  which  have 
been  .i^alyzed  in  detail.  References  31  and  32  by  Rothman  er 
al.  describe  the  AFGL  atmospheric  line  parameter  compila¬ 
tion,  and  provide  a  comprehensive  survey  of  ozone  spectra. 
To  derive  pure  vibrational  intensities  from  this  data,  care 
must  be  taken  to  account  for  the  influence  of  Coriolis  cou¬ 
pling.  which  mixes  the  rotational  manifolds  of  adjacent 
bands  Where  available,  we  have  used  deperturbed  dipole 
moment  matrix  elements  derived  from  rotation-vibration 
analyses.  Another  complication  is  the  presence  of  hot  bands 
arising  primarily  from  the  (0  1  0)  state  population,  about  3% 
at  room  temperature.  Table  X  lists  the  values  which  we  have 
selected  as  the  experimental  pure  vibrational  band  strengths. 
Rationales  for  choosing  these  values  are  presented  below. 


1.  Vf  and  vj 

We  used  the  combined  v,  and  Vj  band  strength  of  379.5 
atm" '  cm~^  from  Sccroun  et  and  the  dipole  moment 
ratio /?j/R,  of  9.4  ±  1  from  Flaude/o/.’^Thehot  bands  are 
included  in  the  total  band  strength,  and  we  assume  that  they 
contribute  the  same  as  the  cold  bands  relative  to  their  popu¬ 
lation.  Therefore,  no  further  correction  is  required  to  obtain 
the  pure  vibrational  band  strengths.  We  chose  error  bars  of 
59f>  for  Vj  and  25%  for  v„  which  are  probably  generous  in 
view  of  the  excellent  measurement  precision  reported  in  Ref. 
33. 

2v, 

Flaud  et  report  dipole  moment  matrix  element  ab¬ 
solute  values  of  0.0383,  0.0082,  and  0.0019  D  for  these  re¬ 
spective  bands  based  on  a  rotation-vibration  intensity  analy¬ 
sis.  The  band  strengths  are  therefore  given  by  Eq.  (2)  after 
converting  from  Debye  to  ea^.  Error  bars  were  not  reported. 


TABLE  X.  ExperimenUl  and  cakulaled  pure  vibrational  band  ilrenftha 
(aim  " '  cm  ■ '  al  29S  K). 


Band 

Experimental* 

Calcubled 

17.4  ±  1.7 

25.6 

375  ±  19 

320.0 

’'i 

4.5  ±  1.1 

3  15 

Jv, 

.  .  > 

007 

V,  +  V, 

1.47  t  0  15 

1  24 

V,  +  V, 

0.59  ±  0  12 

094 

Iv, 

1.42  ±  0.28 

2.53 

V|  +  Vl 

31.7  ±  3.2 

32.9 

2v. 

0.08  t  002 

0.79 

4  e,  +  V, 

0.81  ±  0.08 

0.51 

3v, 

3  0  ±  0.3 

2.99 

2v,  +  V, 

0.33  t  007 

0  24 

‘See  Ibc  texi  Tor  derivatioa  of  theae  valuea 
*Nol  otxKrved. 
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however.  We  have  assumed  uncertainties  of  10%,  20%,  and 
30%  for  the  respective  band  strengths. 

3.  V,  +  Vj  ~h  i  j 

We  used  the  band  strength  reported  by  Darbe  el  al.^  of 
0.78  atm'  '  cm'*  which  excludes  hot  bands,  and  renormal- 
ired  by  dividing  by  the  room  temperature  Boltzmann  popu¬ 
lation  of  the  ground  state.  We  chose  10%  error  bars. 

We  used  the  band  strength  [including  the  (0  1  0)  hot 
h.ind]  of  18  atm~‘  cm“*  from  the  low  resolution  study  by 
McCaa  and  Shaw**  and  corrected  for  the  factor  of  2  greater 
intensity  of  the  hot  band  as  suggested  by  Goldman  et  al.^* 
We  chose  10%  error  bars. 

5.  \'i  i-  vj,  Vj  -f-  Vj,  3vj,  and  2v,  -f 

We  used  the  band  strengths  from  McCaa  and  Shaw,** 
which  are  not  corrected  for  Coriolis  effects.  For  reasons  dis¬ 
cussed  above  in  the  case  of  the  v,  and  v,  bands,  no  further 
.-idjustmcnt  to  account  for  hot  bands  is  required.  We  chose 
10%  error  bars  for  s’j  -b  v,  and  3»'3  and  20%  error  bars  for 
the  other  two  bands  since  they  are  much  weaker  and  hence 
more  susceptible  to  Coriolis  effects. 

6  2yf 

The  observation  of  this  band  by  McCaa  and  Shaw’*  has 
not  been  duplicated  in  subsequent  studies,  and  has  been  as- 
cnbed  to  an  impurity.'*  Thus,  we  conclude  that  the  2vj  band 
strength  is  less  than  the  typical  instrumental  sensitivity  in 
these  studies,  which  is  on  the  order  of  0. 1  atm  “'em"*. 

7.  Permanent  dipole  moment 

The  permanent  dipole  moment  h.ss  been  measured  ac¬ 
curately  by  microwave  spectroscopy,  and  has  the  absolute 
value  0  5324  +  0.0024  D  (0.210  ±  O.OOlro,,). 

B.  Comparison  of  experiment  and  theory 

Tlie  calculated  band  strengths,  derived  from  the  dipole 
matrix  elements  in  Tables  VII  through  IX,  are  compared 
with  the  experimental  values  in  Table  X.  The  agreement  is 
remarkably  good  for  an  ab  iniiio  calculation,  especially  con- 
sidenng  that  the  values  span  three  orders  of  magnitude.  The 
only  severe  disagreement  occurs  for  the  2v|  band,  which  ac¬ 
cording  to  Ref.  35  derives  virtually  all  of  its  intensity  in  the 
room  temperature  spectrum  via  Coriolis  coupling  with  the 
V,  -e  v,  band.  It  is  particularly  significant  that  even  the  weak 
transitions  are  well  described  since  they  are  sensitive  to  the 
detailed  shape  of  the  dipole  moment  function  and  serve  as  a 
measure  of  the  extent  of  deviation  from  harmonic  oscillator 
selection  rules.  The  deviation  from  harmonic  behavior  is  not 
large,  as  evidenced  by  both  the  small  size  of  the  matrix  ele¬ 
ments  for  forbidden  transitions  and  the  fact  that  the  har¬ 
monic  scaling  rule  /?  *  ~  u  is  obeyed  reasonably  well  for  most 
oftheJiis  —  1  transitions.  This  is  consistent  with  the  small 
size  of  the  high-order  terms  in  the  normal  coordinate  polyn¬ 
omial  expansion  (Appendix  B|. 


The  permanent  dipole  moment  is  given  by  the  diagonal 
matrix  elements  in  Tables  VIII  and  IX.  For  the  ground  vi¬ 
brational  state  the  calculated  value  is  —  0.543  D,  in  excel¬ 
lent  agreement  with  the  experimental  absolute  value  of 
0.5324  ±  0.0024  D.  This  calculated  value  differs  from  (and  is 
superior  to)  the  value  given  in  Table  II  mainly  because  as 
mentioned  in  Sec.  IV  the  dipole  function  has  been  shifted  to 
account  for  the  difference  between  the  ah  initio  and  experi¬ 
mental  equilibrium  geometries.  A  slight  dependence  of  the 
permanent  dipole  on  vibrational  excitation  is  predicted. 

We  believe  that  the  CASSCF  dipole  moment  function  is 
sufficiently  reliable  that  most  of  the  Table  VII  through  IX 
irutrix  elements  are  of  comparable  accuracy  to  those  of  the 
corresponding  cold  bands  in  Table  X,  especially  for  the  well- 
converged  states  listed  in  Table  V.  Moreover,  for  the  strong¬ 
ly  allowed  10  /i  v,  bands  we  expect  an  accuracy  of  several 
percent  in  the  band  strengths  relative  to  the  (0  0  1)  funda¬ 
mental.  This  very  good  relative  accuracy  is  expected  in  view 
of  the  approximately  harmonic  behavior  described  above. 

Vn.  DISCUSSION 

The  calculated  dipole  moment  matrix  elements  will  be 
very  useful  for  the  analysis  of  ozone  10/i  Vj  emission  spectra 
which  have  been  observed  in  the  atmosphere  and  in  the  labo¬ 
ratory.  According  to  recent  observations  in  the  COCHISE 
experiment’  the  most  heavily  populated  levels  in  ozone 
formed  from  recombination  are  the  slates  (0  0  Af),  V=  1 
through  5,  and  (1  0  A'),  jV  =  1  through  4.  In  Table  VII  the 
relevant  v,  matrix  elements  are  given  for  N  of  up  to  3.  It  is 
found  that  the  harmonic  scaling  mentioned  above,  used  pre¬ 
viously*  to  analyze  the  COCHISE  data,  is  approximately 
obeyed  for  both(00Af)and  (I  OA^)  states.  It  also  holds  reason¬ 
ably  for  levels  containing  additional  excitation  in  the  bend¬ 
ing  mode.  Thus,  more  accurate  relative  values  derived  from 
Table  VII  matrix  elements  will  not  have  a  large  impact  on 
the  analysis  of  Vj  hot  band  emission. 

As  for  the  radiative  properties  of  ozone  vibrational  lev¬ 
els  which  are  higher  in  energy  than  those  studied  here,  it 
seems  unlikely  that  any  drastic  change  in  this  roughly  har¬ 
monic  behavior  will  occur  until  both  the  level  density  and 
mode  coupling  are  sufficient  to  set  up  accidental  resonances. 
A  region  of  extensive  resonances,  which  might  appropriately 
be  termed  “quantum  chaos,"”  seems  to  occur  in  ozone  at 
very  high  vibrational  energies,  judging  from  the  appearance 
of  dense  line  clusters  in  the  resonance  Raman  spectrum.*"  In 
order  for  theory  to  reliably  address  questions  about  the  prop¬ 
erties  of  these  very  high-lying  levels  both  a  larger  vibrational 
basis  set  and  a  more  accurate  potential  energy  function 
would  be  required. 

Concerning  atmospheric  absorption  spectra  of  ozone, 
the  current  calculation  may  suggest  improved  intensity  val¬ 
ues  for  a  number  of  hot  bands,  particularly  for  forbidden 
transitions  where  harmonic  or  separable  mode  approxima¬ 
tions  may  break  down.  Predicted  intensities  for  the  stronger 
hot  bands  are  given  in  Table  XI  using  the  calculated  dipole 
moment  matrix  elements.  Accurate  experimental  values  for 
these  bands  have  not  to  our  knowledge  been  published.  In 
general,  the  predictions  agree  roughly  with  expectations. 
However,  there  is  one  surprising  result;  a  heretofore  unob- 
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table  XI.  CakuUled  sirengtht  of  (elected  hot  bands,  Boltzmann  factor 
not  included. 


Transition 

v/cm  ■ '  • 

5/atni"'  cm”’  at  298  K. 

2v,-v, 

698.4 

51.0 

Vj  +  v,-v, 

6844 

24.3 

V,  v,-v, 

692.2 

23.3 

V,  +  v,-v, 

t023.6 

309.3 

2v,-v, 

1013.9 

584.7 

V,  -(■  v,-v, 

1007.7 

286.0 

''1  +  v,-v, 

10944 

2.2 

V,  +  Vj-V, 

1068.7 

2.3 

2v,^, 

1098.2 

8.0 

V|  -t-  V,  +  v,-v, 

2084.3 

30.7 

V,  -t-  2v,-v, 

2042.0 

57.3 

2v,  +  v,-v, 

2082.6 

33.7 

2v,-v, 

1159.2 

40.9 

‘  From  Refs.  16  and  26. 

served  hot  band,  the  forbidden  transition  (0  0  0  0|  at 

1159  cin~',  is  predicted  to  have  a  remarkably  large  band 
strength  of  about  40  atm  ~ '  cm  (0.27  atm  cm  “^usings 
2*)K  K  Boltzmann  factor).  Indeed,  this  band  is  strong  enough 
to  be  included  in  the  APGL  atmospheric  absorption  liite 
atlas.’’  This  surprisingly  large  intensity  is  caused  by  borrow¬ 
ing  from  the  strong  (0  0  IH^  0  2)  transition  via  Darling- 
Deniuson  resonance.'**'  Presumably  the  reason  why  the 
1159  cm~'  band  has  not  yet  been  observed  is  that  it  lies 
within  the  wings  of  the  stronger  v,  and  Vj  bands.  However,  it 
might  show  up  in  high  resolution  spectra.  A  detailed  re-ex¬ 
amination  of  high  resolution  spectra  in  this  region  would  be 
very  desirable. 

An  important  benefit  of  the  quantitative  agreement 
which  we  have  obtained  between  experimental  and  calculat¬ 
ed  band  strengths  is  that  the  signs  of  the  dipole  moment 
matrix  elements  have  now  been  established  for  these  bands. 
With  the  sign  ambiguities  removed  it  should  be  possible  to 
refine  the  ozone  dipole  moment  function  to  give  essentially 
perfect  agreement  with  experimental  dipole  moment  matrix 
elements;  this  in  turn  would  yield  even  more  accurate  band 
strength  predictions.  Unfortunately,  there  are  a  number  of 
different  ways  in  which  the  dipole  moment  can  be  adjusted, 
and  it  is  not  clear  to  us  which  way  is  best.  Not  only  are  there 
many  more  expansion  coefficients  necessary  for  an  accurate 
fit  than  there  are  available  hand  strengths,  there  are  also 
different  expansions  possible  depending  on  the  choice  of  var¬ 
iables.  However,  if  additional  experimental  intensity  data 
become  available,  or  if  appropriate  theoretical  constraints 
on  the  functional  form  of  the  dipole  moment  could  be  ap¬ 
plied,  refinement  of  the  dipole  moment  function  for  ozone 
could  be  accomplished  with  greater  confidence. 
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APPENDIX  A:  THE  MPMO  POTENTIAL  ENERGY 
FUNCTION 

The  MPMO  potential  energy  function  is  written 

^='iy  +  So,}. 

where  the  are  defined  in  Eqs.  (6)-(8).  The  arcre'^’  '  to 
the  Dunham  coefficients  as  follows: 

Cjoo  =  A^JOO  >  f^oio  ~  ■^010  • 

Cjo,  =  A,o,  ,  Cqoj  =  ^OOJ  • 

C300  =  ^JOO  +  }'f^200  > 

^IIO  —  ^IIO  +  Jl'A^olO  > 

Cjol  =  K2o\  -I-  i)'A^|OI  > 

Con=A^OII>  ^102  ~  ^102  t  ~  ■^OOJ  • 

^400  ~  ^400  ~  I^?^^20O  d"  iV^iOO  ' 

Cjio  =  ^210  +  7^1 10  ~  iT^f-oio  • 

Cojo  =  l^oio  ~  il^f^OlO  +  y^l\0  > 

Cjol  =  A^joi  —  -f  yCiol  ’ 

Cm  =  A'li,  -t-  Jj'Coi, , 

^202  =  ^202  d  jj'Clpj  , 

Coi2  =  A^qij  ,  C|(,J  =  ATioj  ,  ^004  —  ^004  > 

where  y  =  ar,. 


APPENDIX  B:  NORMAL  COORDINATE 
REPRESENTATION  OF  THE  OZONE  CASSCF  DIPOLE 
MOMENT  FUNCTION 

For  the  benefit  of  wor'^'TS  who  employ  normal  coordi¬ 
nate  methods  we  have  fit  the  CASSCF  dipole  moment  com¬ 
ponents  to  polynomials  in  the  dimensionless  normal  coordi¬ 
nates  q,  pertaining  to  O"’  ozone.  The  polynomials  arc 

<72  9?.  (BU 

ijk 

where  i  +  j  +  A:<6;  k  is  even  for  /z,  and  odd  for  ft,.  In  our 
sign  convention  positive  q,  corresponds  to  positive  dr,  and 
negative  dr,.  The  fit  was  performed  by  first  transforming 
each  ab  initio  geometry  to  symmetry  coordinates  S,  (using 
the  equations  in  Ref  12)  and  then  linearly  transforming  to 
the9,  usingthequadratic forceconsiantsof Ref  16, next,  the 
dipole  moment  components/z,  and  ft,  were  least  squares  fit 
to  the  function  (Bl).  The  following  coefficients /z^,^  were  ob¬ 
tained: 
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As  mentioned  in  Sec.  IV,  the  partitioning  of/i  into  these 
specific  X  and  y  components  pertains  only  to  the  fully  substi¬ 
tuted  ozone  isotopes  as  a  consequence  of  the  mass  depen¬ 
dence  of  the  X  and  y  xxcs  in  the  Eckart  frame. 
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This  paper  reports  (a)  improved  values  Tor  low-lying  vibration  intervals  of  H/ ,  HjD  DjH  *. 
and  D/  calculated  using  the  variational  method  and  Simons-Parr-Finlan  representations  of  the 
Camey-Porter  and  Dykstra-Swope  ab  initio  H/  potential  energy  surfaces,  (b)  quartic  normal 
coordinate  force  fields  for  isotopic  H/  molecules,  (c)  comparisons  of  variational  and  second- 
order  perturbation  theory,  and  (d)  convergence  properties  of  the  Lai-Hagstrom  internal 
coordinate  vibrational  Hamiltonian.  Standard  deviations  between  experimental  and  ab  initio 
fundamental  vibration  intervals  of  H/ ,  D^H  *^,  and  O,*  for  these  potential  surfaces  are 

6.9  (Camey-Porter)  and  1.2  cm"'  (Dykstra-Swope).  The  sundard  deviations  between 
perturbation  theory  and  exact  variational  fundamentals  are  5  and  10 cm"'  for  the  respective 
surfaces.  The  internal  coordinate  Hamiltonian  is  found  to  be  less  efficient  than  the  previously 
employed  "/  “  coordinate  Hamiltonian  for  these  molecules,  except  in  the  case  of  HjD  . 


I.  INTRODUCTION 

The  H/  molecular  ion  and  its  isotopic  species,  which 
have  the  simplest  electronic  structure  of  any  known  polyato¬ 
mic  molecule,  have  attracted  considerable  experimental  and 
theoretical  interest.  Their  vibration-rotation  spectra  have 
been  studied  extensively  in  the  laboratory'~*  and  are  impor¬ 
tant  in  astrophysics.^  Their  simple  electronic  structure 
makes  it  possible  to  calculate  a  very  accurate  ground  elec¬ 
tronic  state  potential  energy  surface  (PES).  When  com¬ 
bined  with  a  variational  vibrational  energy  calculation  meth¬ 
od,  the  PES  yields  excellent  ab  initio  predictions  of 
vibration-rotation  energies.  One  of  the  first  accurate  PES's 
was  calculated  by  Carney  and  Porter,'  who  used  it  to  derive 
vibrational  intervals,  rotational  constants,  vibrational  tran¬ 
sition  intensities,  and  vibration-rotation  energies.*  The  he- 
teronuclear  isotopes  were  handled  using  Carney,  Langhoff, 
and  Curtiss' “/ "  coordinate  method,  which  provided  a  gen¬ 
eralization  of  the  Camey-Poner  formalism.  E)etailsof  early 
studies  in  variational  vibrational  energy  methods  may  be 
found  in  the  review  by  Carney,  Sprandel,  and  Kent." 

Several  new  developments  have  motivated  us  to  reexa¬ 
mine  the  isotopic  H,^  vibration  spectra.  Recent  experiments 
have  provided  new  spectroscopic  data  for  several  of  the  fun¬ 
damental  frequencies  of  isotopic  H,*  molecules.  Oka'  has 
reported  vg  of  Hf ,  Lubic  and  Amano’  have  reported  v,  of 
D,H  ,  Amano  and  Watson  'have  reported  v,  of  H,D  * ,  and 
Foster  tt  a!.*  have  reported  vg  of  Dj*' ,  and  v,  and  v,  of 
HjD*  and  DjH  Experiments  of  Shy  era/.'  have  also  pro¬ 
vided  very  accurate  infrared  spectroscopic  data  for  the 
H,D*,  D,H*,and  D,*  molecules,  while  Warner  era/.*  have 
reported  submillimeter  spectroscopic  data  for  the 
molecule. 


Recent  theoretical  developments’^"'’  include  further 
progress  in  vibrational  energy  calculation  methods  as  well  as 
improved  potential  energy  surfaces.  Variational  vibrational 
energy  calculations  have  been  carried  out'*”  using  much 
larger  basis  sets  than  in  the  earlier  work,  and  suggest  that  the 
original  Camey-Porter  vibration  energies  were  not  com¬ 
pletely  converged.  In  addition,  new  vibrational  Hamilto¬ 
nians  based  on  nonrectilinear  coordinates  have  been  devel¬ 
oped,  providing  additional  flexibility  in  basis  set  selection. 
These  include  the  Lai-Hagstrom"  and  Carter-Handy"  in¬ 
ternal  coordinate  Hamiltonians  and  the  Tennyson-Sut- 
cliife"  Hamiltonian  in  close-coupling  coordinates.  Finally, 
better  converged  PES's  have  been  reported,  such  as  that  of 
Dykstra  and  Swope."  Prior  to  Martire  and  Burton's  recent 
work"  the  Dykstra-Swope  surface  had  not  been  utilized  for 
vibrational  level  calculations.  Although  agreement  between 
theory  and  exr»nment  is  already  good,  more  accurate  esti¬ 
mates  of  n  intervals  may  be  useful  to  experimen¬ 

talists  as  *■  t  .o  learn  more  about  these  interesting  mole¬ 
cules. 

In  I  paper  we  compare  different  PES's  and  calcula¬ 
tion  me  ds  for  Hj*  isotope  vibration  intervals.  Calcula¬ 
tions  wer  lerformed  using  the  Camey-Cropek  internal  co¬ 
ordinate  ihational  algorithm"  and  are  compared  with 
both  the  t  coordinate  calculations*"’  and  second-order  per¬ 
turbation  theory  based  on  normal  coordinates.  In  addition, 
results  using  the  Camey-Porter*  PES  are  compared  with 
those  using  a  new  fit  to  the  Dykstra-Swope  PES,  and  both 
are  compared  with  experimental  data.  From  these  compari¬ 
sons  the  current  study  is  able  to  separately  assess  the  PES 
and  vibrational  energy  calculation  accuracy.  By  using  a  Si¬ 
mons-Parr-Finlan"  '*  fit  to  the  Dykstra-Swope  PES  and 
large  vibrational  basis  sets  we  have  obtained  significantly 
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improved  vibrational  interval  predictions.  Agreement  of  our 
calculation  with  the  experimental  fundamental  frequencies 
is  better  than  two  wave  numbers. 

II.  CALCULATION  OVERVIEW 

This  section  briefly  describes  the  key  ingredients  in  our 
calculation,  the  Dykstra-Swope  PES  and  the  variational  and 
perturbation  theory  vibrational  methods. 

A.  Th«  Dykatra-Swop*  potential  energy  aurfece 

Dykstra  and  Swope‘*  used  a  large  electronic  basis  set,  63 
contracted  Gtrtesians,  and  determined  grid-point  energies 
within  the  Bom-Oppenheimer  approximation  by  means  of  a 
self-consistcnt-elcctron-pair  (SCEP)  technique  which,  for 
two-electron  systems,  is  equivalent  to  a  full  Cl  method. 
Their  potential  energy  surface  contains  68  geometries  with 
some  energies  lying  as  much  as  20  000  wave  numbers  above 
the  PES  minimum.  Dykstra  and  Swope  suggested  that  their 
H/  surface  should  be  capable  of  producing  vibration  inter¬ 
vals  accurate  to  within  two  wave  numbers.  However,  they 
did  not  report  a  fitting  function,  so  we  had  to  develop  one 
prior  to  calculating  vibration  intervals  with  their  PES.  Re¬ 
taining  two  wave  number  accuracy  in  the  vibration  energy 
calculation  requires  a  suitable  fitting  function,  such  as  a  Si- 
mons-Parr-Finlan (SPF)  polynomial  or  some  alterna¬ 
tive  scheme  which  is  capable  of  the  highest  accuracy  possible 
with  the  fewest  adjustable  parameten. 


B.  Vibration  tnargy  ealculatlona 

It  is  desirable  to  try  more  than  one  variational  vibration¬ 
al  method  since  different  methods  will  differ  in  their  effi¬ 
ciency  for  a  given  molecule.  In  addition,  the  complexity  of 
computer  codes  makes  it  very  helpful  to  use  two  or  more 
independent  algorithms  for  a  given  potential  energy  surface 
as  a  double  check.  Finally,  perturbation  theory  should  be 
examined  to  determine  whether  it  is  sufficiently  accurate  for 
the  molecule  being  studied. 

The  original  variational  method  for  H,*  isotopes  is  that 
of  Carney,  Langhoff,  and  Curtiss, which  develops  the  vi¬ 
brational  Hamiltonian  operator  in  rectilinear  symmetry  co¬ 
ordinates  t,  (f  B  1-3),  which  are  closely  related  to  normal 
coordinates  Q,  (i  ac  1-3).  The  vibrational  basis  functions 
are  defined  analytically  in  terms  of  either  harmonic  or  Morse 
oscillators. 

The  method  employed  in  the  current  calculations  is  the 
Camey-Cropek  algorithm,”  used  by  Adler-Golden  ei  al.^ 
It  employs  the  Lai-Hagstrom  Hamiltonian,"  which  devel¬ 
ops  the  vibrational  Hamiltonian  operator  in  internal  coordi¬ 
nates  consisting  of  two  bond  lengths  and  the  central  angle. 
Vibration  ba.sis  functions  are  defined  numerically  using  the 
Numerov-Cooley^'  finite-dilTerence  technique. 

To  test  the  accuracy  and  convergence  properties  of  the 
Camey-Cropek  internal  coordinate  method  we  performed 
calculations  on  the  Camey-Porter  fifth-degree  SPF  PES,  for 
which  vibration  energies  have  been  previously  obtained. 
These  calculations  examine  convergence  in  vibration  energy 
as  a  function  of  the  number  and  type  of  vibrational  conftgu- 
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ration  basis  functions  employed. 

As  an  alternative  to  variational  theory,  we  also  deter¬ 
mine  intervals  using  second-order  perturbation  theory  ( PT) 
with  the  Camey-Porter  and  Dykstra-Swope  PES’s  rewrit¬ 
ten  as  quartic  force  fields  defined  in  dimensionless  normal 
coordinates. 


III.  COMPUTATIONAL  DETAILS 

This  section  describes  computational  details  for  ( A )  de¬ 
termining  an  accurate  SPF  model  potential  energy  function 
for  Dykstra  and  Swope'sa6mir/oH/  PES,  (B)  determining 
accurate  quartic  normal  force  fields  in  dimensionless  normal 
coordinates,  (C)  determining  appropriate  vibrational  basis 
sets  and  calculating  vibration  energies  using  variational  the¬ 
ory,  and  ( D)  using  second-order  perturbation  theory  to  cal¬ 
culate  vibration  energies. 


A.  Fitting  th«  potantlal  aurlace 

The  procedure  for  obtaining  SPF  expansion  coefficients 
for  the  Dykstra-Swope  PES  is  as  follows.  First,  the  internal 
coordinates  used  by  Dykstra  and  Swope,  namely,  displace¬ 
ment  coordinates  in  cylindrical  polar  form,  5,  R,  and 
transformed  into  the  rectilinear  symmetry  coordinates 
5„  5],  5,  for  each  grid  point  geometry.  The  appropriate 
equations  are 

5,  =  Mr;  = 

Sj  =  bR  cos 
and 

5,  =  bR  sin  d- 

Next,  the  three  iniemuclear  distances  R,(f  =  1,2,3)  are 
calculated: 

/?,=  +5\-^S\ 

+  R^{2St-Sj-bS,)  -5,(65,-t-5,)]‘”, 

R.=  lRU^S]-i-S\-^S\ 

+  R^{2S,  -  Sj  +  bS,)  -(-5,(65, -5j)]'”, 


-I-  5,  -f  5j  -I-  5,)*  -h  5j  ] 

The  SPF  internal  coordinates  /7,(i=  1,2,3) 
=  {R,  —  R^  )/R,  are  then  calculated  and  used  to  evaluate 
the  SPF  algebraic  polynomial  functions  P,{i  =  1-21)  de¬ 
fined  in  Table  I.  These  polynomial  functions  are  symme¬ 
trized  to  maintain  the  threefold  permutational  symmetry  of 
the  molecular  force  field  with  respect  to  the  three  intemu- 
clcar  distances  R,  (i  s>  1-3). 

Standard  regression  analysis  is  used  to  find  the  SPF  ex¬ 
pansion  coefficients.  Preliminary  calculations  were  made  us¬ 
ing  only  the  grid  point  geometries  and  energies  ubulated  for 
the  isosceles  structures,  and  expansion  coefficients  for  a 
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TABLE  I.  Expaaitaa  ooeflcicalf  for  SPF  fit*  of  H,'  pnt'n’uJ  energy  surfaces. 


Expaasian  cosgcicnti  C, 


Term  Number 


M 

(Dykilra-SwofM)* 

(Cxrnry-Porter)* 

PolynomUl  function  P, 

1 

0  246  303  26 

0  244  944 

P\  +pi  -t-F’i 

2 

-  0  040  552  42 

-  0  036  801 

PiPi  +Pi  f>i  +  PiPi 

J 

0  071  947  44 

0  078  313 

p!  +p!  -t-pi 

4 

-0037  907  14 

-  0  042  076 

pitPi  -t-P))  +PI(P,  +P,)  -t-pUp,  +Pj) 

5 

0  177  756  21 

0  217  788 

Pi  Pi  Pi 

6 

-  0027  142  27 

0  011  167 

pi  p\  +p1 

7 

-  0  049  491  64 

-0  061  533 

P\^Pt+P^)  +p}(  Pi  -t-P))  +p!(Pl  -t-p,) 

1 

-0.020040  15 

-0  037  214 

pip!  -t-pip!  -t-p! p! 

9 

0  141  689  61 

'  0  086  770 

PiPiPifpi  -t-pj  -t^P)) 

10 

-  0  040  368  SO 

-  0  003  403 

Pi  -t-p!  -t-P) 

It 

0  033  825  17 

-  0  038  229 

pit  Pi  p) )  ■♦■  Pit  p*  P) )  -t-  p.t  p!  -t-  p!  ) 

12 

-  0045  736  12 

-  0  046  858 

pitp!  -t-p!)  -t- pit  pi  -t-p!)  -t^pltp!  -tp!) 

13 

0.120  355  35 

-  0018  078 

PiPiPitp!  -i-p!  -i-p!) 

14 

-  0.042  737  25 

0.064  343 

Pi  Pi  P)t  Pi  Pt  -t-  p,  P,  -f  Pi  p,) 

IS 

-0011  83068 

pi  -t-Pi  -t-pi 

16 

0  113  473  39 

pi  p1  -t-  pI  pI  -t-  p!  p1 

17 

0336618  54 

pi  p!  p! 

11 

0  003  164  49 

pit  Pi -t-p,)  -t- pit  Pi  -t-p,)  -t-pitp,  -rp,) 

19 

-  0.019  564  78 

Pitpl  -t- pi )  -t- pj  (  pi  -l-pl)  -fpitpi  -f  p!) 

20 

-  0  253  447  45 

PiPiPitpI  -t-pl  -i-pI) 

21 

0  031  806  87 

PiPiPilpitPi  -I-p,)  -l-pitpi  +p,)  -l-pltpi  -t-p,)) 

•  I.610S  bohr,  and  coellieieau  are  in  a.u. 
*;»_  -  I  6574  bohr 


fifth-degree  potential  function  were  obtained.  Then  the  geo¬ 
metries  and  energies  for  the  asymmetric  structures  were 
combined  with  the  data  for  the  isosceles  structures  and  a 
second  set  of  SPF  expansion  coefficients  were  obtained 
These  two  sets  of  coefficients  were  virtually  identical,  de¬ 
monstrating  the  balanced  accuracy  obtained  in  these  two 
PES  regions  by  Dykstra  and  Swope’s  SCEP  method.  Finally, 
for  improved  accuracy  a  set  of  six-degree  SPF  coefficients 
was  generated. 

In  our  attempts  to  obtain  the  best  SPF  representation  of 
the  PES  we  discovered  that  a  small  group  of  grid  points  were 
limiting  the  precision  in  the  expansion  coefficients,  and  that 
a  more  precise  set  of  coefficients  could  be  obtained  if  an  ener¬ 
gy-based  criterion  were  used  to  select  the  geometries  before 
doing  the  regression  analysis.  A  set  of  sixth-degree  expan¬ 
sion  coefficients  was  obtained  by  requiring  predicted  and 
known  grid  point  energies  to  agree  to  within  a  prechosen 
energy  threshold  or  tolerance,  </£;  values  of  6.6  and  2.2  wave 
numbers  were  used  for  dE. 

B.  Calculating  tha  quartic  normal  forca  flalda 

This  section  describes  the  calculation  of  quartic  norma] 
force  fields  from  the  Camey-Porter  and  Dykstra-Swope 
SPF  fits  for  the  isotopic  H ,*  molecules.’’  Normal  force 
fields  are  defined  as  expansions  in  normal  coordinates 
(k  =  1-3)  rather  than  in  SPF  internal  coordinates.  The  ini¬ 
tial  step  in  this  calculation  involves  numerically  evaluating 
the  matrix 


(-[Aj’-d^y/di.di,] 


of  second  derivatives  of  the  potential  function  V  with  respect 
to  the  three  independent  rectilinear  vibrational  coordinates 
I,  (»■  =  1-3)  introduced  by  Carney,  Langhoff,  and  Curtiss.'” 
This  gives 

F(r|,rj,rj)  =  l/2(/, ,/}  J 

+  (/u'l'i +/»,3M3  +  •••)• 

The  second  step  involves  finding  the  normal  coordinates 
as  linear  combinations  of  the  t,  coordinates, 

fi  +  ^uiQy 

This  calculation  determines  harmonic  vibration  frequencies, 
63^  •  and  coefficients,  L,j^ ,  which  are  the  solutions  of  a  3  X  3 
eigenvalue-eigenvector  matrix  equation  involving  the  re¬ 
duced  mass/i  and  quadratic  force  constant  matrix  f, 

fL  =  LC, 
where 

The  properties  of  the  L  matrix  allow  the  to  be  written  as 

Qk  *  +  ^i.kly 

The  third  step  involves  numerically  calculating  third 
and  fourth  mixed  and  pure  partial  derivatives  of  the  poten¬ 
tial  function  with  respect  to  the  normal  coordinates.  From 
these  derivatives  values  of  the  cubic,  ,  and  quartic,  , 
force  constants  are  determined,  and  the  quartic  potential  is 
set  up  using  a  restricted  summation  convention: 


Ki 

% 
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A  second  method  for  calculating  /T,  and  /f,  y,* *./  uti¬ 
lized  regression  analysis  and  fifth-degree  expansions  in  the 
normal  coordinates  ;  the  two  sets  of  force  constants  were 
found  to  agree  excellently. 

The  next  step  introduces  dimensionless  normal  coordi¬ 
nates  fy  as 

=  (4jr'’w*  ^^c/h)''^Q^ 
and  sets  up  the  quartic  force  field  as 

=  1/2  ^  +  X  2  Z 

+  2222  ^r.y.‘.r?-9y9W/ 

using  cubic,  and  quartic.  ,  force  constants,  a  restrict¬ 
ed  summation  convention,  and  cuy  =  vy  c;  v  is  in  units  of 
wave  numbers.  A  second  method  for  calculating  k^  jj,  and 
A:,  yy  ,  utilized  regression  analysis  and  fiAh-degree  expan¬ 
sions  in  the  dimensionless  normal  coordinates  ^ y ;  the  two 
sets  of  force  constants  were  found  to  agree  excellently. 

C.  Selecting  vibration  bacis  aeta  for  the  variational 
calculation 

From  initial  calculations  it  quickly  became  evident  that 
the  internal  coordinate  Camey-Cropek  method  is  very  inef¬ 
ficient  for  converging  the  vibrational  levels  of  the  H,*  iso¬ 
topes;  extremely  large  basis  sets  and  multidimensional  nu¬ 
merical  quadrature  grids  for  matrix  element  evaluation  were 
required.  Computer  time  was  further  increased  as  diflerenl 
basis  sets  with  different  distributions  of  vibrational  quanta 
were  tried.  To  keep  the  calculation  tractable  an  effective  ba¬ 
sis  function  selection  strategy  was  required. 

The  strategy  we  developed  is  similar  to  one  often  em¬ 
ployed  in  electronic  structure  calculations,  in  which  the 
wave  function  coefficients  are  examined  to  determine  which 
basis  functions  have  the  largest  contributions  to  the  eigen¬ 
states  of  interest.  In  our  case  the  eigenstates  of  interest  were 
the  ten  lowest  states,  i.e.,  the  one-  and  two-quantum  states. 


which  we  wished  to  converge  to  within  one  and  five  wave 
numbers,  respectively.  The  figure  of  merit  in  assigning  a  rel¬ 
ative  importance  to  each  basis  function  was  chosen  as  the 
weight,  W,  of  that  function  in  the  Hilbert  space  of  the  ten 
lowest  calculated  eigenstates. 

w=  £  (i|y.><y,|6). 

I 

where  | )  is  the  t'th  vibrational  eigenstate  and  )  is  the 
basis  function. 

In  setting  up  a  subsequent  trial  diagonalization  in  which 
the  ba.sis  set  was  enlarged,  the  limits  on  the  numbers  of  vibra¬ 
tional  quanta  were  chosen  so  that  previously  included  basis 
functions  having  small  values  of  W  were  dropped  from  the 
new  basis  set.  After  several  such  iterations  we  returned  some 
of  the  previously  dropped  basis  functions  to  test  their  effect 
on  convergence. 

It  was  found  that  by  selecting  only  the  basis  functions 
having  IV>  I0~’  reasonably  good  convergence  was  ob¬ 
tained,  although  additional  functions  continued  to  improve 
the  energies  slightly.  Adding  extra  bending  quanta  ( as  many 
as  25  quanta)  to  this  "core”  basis  had  a  much  more  pro¬ 
nounced  effect  upon  convergence  than  did  adding  extra 
stretching  quanta,  even  though  in  all  cases  the  new  functions 
had  W  <_  I0~’. This  result  is  not  surprising,  sinceaperturba- 
tion  theory  analysis  indicates  that  the  energy  improvement 
upon  adding  a  given  basis  function  is  proportional  not  only 
to  its  weight,  but  also  to  its  energy  relative  to  that  of  the 
eigenstates  of  interest. 

In  our  final  calculations  we  included  all  basis  functions 
having  n,<5,  ^i  +  't2<7,  where  n,  and  n,  are  the 

bond-stretch  (radial  coordinate)  quantum  numbers,  while 
the  limit,  S,  on  the  angle-bend  (angular  coordinate)  quan¬ 
tum  number  n,  was  chosen  as  25  for  and  DjH  and  22 
for  H,D*  and  D,*.  The  smaller  ,V  required  for  Dj‘  and 
reflects  the  reduced  vibrational  momentum  coupling 
due  to  heavier  masses  and  a  more  favorable  mass  ratio  in 
these  respective  molecules.  With  the  basis  sets  described 
above  the  Hamiltonian  matrix  factors  intOy4  and  B  subma¬ 
trices  of  dimension  442  and  338,  respectively,  for  H*  and 
D.H*,  and  dimension  391  and  229,  respectively,  for  HjD* 
and  D,^ .  The  number  of  quadrature  points  was  19  in  the 
radial  coordinates,  and  -t-  1  in  the  angular  coordinate. 


TABLE  II  SecondK>rder  perturbation  theory  formulas  for  vibration  energies  of  bent  XY,  molecules.* 


XY]  vibration  mergy  fonnula 
£(/i,n,n,)  -  £  +  j)  f  Y.  ■*',('>,  +  IK"/  +  1) 

, .  I  t-  / 

X,  vibration  energy  formula 

+  P  ♦  Wj(»i  +  I) 

+  +  i)’  +  J^.r(". +  })("!+  I)  +  Y„(a,+  l)’  +  g„/’ 

*  Reference  23,  a,  (/  .=  I  -3 1  are  the  normal  mode  quantum  numbers  for  the  X  Y,  molecule,  «hilc  the  I  quantum 
number  and  a,  rjuaniu'”  numbers  are  for  the  axial  molecule  X,. 

C-4 


I 


Camay,  Adlar-Qoktan,  and  LessasM:  Vibrabon  nlarvala  o(  iaolopk;  H; 
TABLE  III.  Fonaalas  for  anhamonic  vibrational  Icfn  cocfficwnu  of  bent  XY,  molecules,  from  Ref  23  * 

XY,  molccuk 
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1 5A  { ,  1 

*!,.  (*-{ 

-3«',) 

*mi 

*«i  (4w{ 

-«1) 

I5A 

*Ju  (•"? 

-3«{) 

*lllj  ■ 

4w, 

4«,  (4*»5 

—  ) 

_ 

'  ~ 

(8*.;  -  3#i' ) 

*  in 

(M  - 

3<h|  ) 

(4«;  -«{) 

4«,(4<..J  - 

3*111*111 

2k 

lii«i 

2k  {ii»ii 

^1111  “ 

"l 

"1 

(4hh| 

-«!) 

(4aij  -  u\ ) 

5^111^111 

i  _  *i“*iii  . 

2*:i.«i 

"l 

«i 

(40)1 

-6l{) 

+  S  II  1  + 

3*111*111 

2*!..«i 

+  c  ^ 4- 

"i 

"i 

(4ai; 

-  w|) 

+  5  U  1 -  ^ 

V 

X]  aiial  molecule 


M  -I* 

‘•ll  J  *1111 - 1 - 

4  ai, 


*11  ”  1  *iin  ~ 


*11  “  *1111  “  —  *m*jn  “ 


tu  “  C,  —  )4]]]|  • 


13  *  111  ^  *  ill  Ha*i  ~  3aiJ ) 
4  w,  4u,  (4<i)j  -  n>i ) 

3  Wli. 

Hi  (4«i»J  -  aij ) 

"i*!i.  .  21 

“  ~  T77~i - 77  *  "d —  *  •” 

4(4«;  -aij)  4ai, 


*  The  equilibrium  roution  coniunt  C.  U  for  routional  nvotioo  about  an  aais  perpentSkulat  to  the  plant  of  tbe 
molecule,  and  is  the  Coriolis  coupling  constant. 


0.  S^rond-order  perturbation  theory 

Standard  methods  for  calculating  vibration  energies  of 
polyatomic  molecules  use  second-order  perturbation  theory 
and  molecular  force  fields  developed  as  quartic  polynomial 
expansions  in  dimensionless  normal  coordinates.”  The  vi¬ 
bration  energy  is  given  by  this  theory  as  an  expansion  in  the 
vibration  quantum  numbers  as  shown  in  Table  II  for  the 
axial  and  nonaxial  isotopic  Hj"*^  molecules.  The  quantities 
and  x^^,  respectively  the  harmonic  and  anharmonic  coeffi¬ 
cients  in  the  energy  expansion,  are  dependent  upon  the  qua¬ 
dratic,  cubic,  and  quartic  force  constants  in  the  quartic  nor¬ 
mal  force  fields  as  shown  in  Table  III. 

IV.  RESULTS  AND  DISCUSSION 

In  the  following  Secs.  IV  A-IV  C  we  discuss  the  SPF 
and  normal  coordinate  potential  functions,  variational  con¬ 
vergence  properties,  and  variationally  and  perturbationaliy 
calculated  vibration  intervals.  The  ab  initio  vibration  inter¬ 
vals  are  compared  to  observed  excitation  energies  and  to 
results  obtained  by  other  authors. 

A  convenient  and  concise  way  to  compare  two  sets  {A ) 
and  (B)  of  AT  corresponding  vibration  intervals  E{A),  and 
E{B)i,i  =  1-Af,  is  to  calculate  a  standard  deviation  in  exci¬ 
tation  energy  ,  as 


A.  Potontlal  snorgy  functions 

1,  Th0  SPF  Ft  to  Pykstra  and  Swopa’a  ///  PES 

An  energy  acceptance  criterion  of  dE  =  6.6  wave 
numbers  deleted  four  geometries  from  the  input  set  of  68, 
and  subsequent  sixth  degree  regression  analysis  gave  the 
SPF  expansion  coefficients  quoted  in  T  able  I  with  an  average 
energyerrorof  1.2  wave  numbers.  Reducing  to  2.2  wave 
numbers  deleted  six  additional  geometries  and  reduced  the 
average  energy  error  to  0.71  wave  numbers.  However,  dele¬ 
tion  of  as  many  as  ten  geometries  from  the  dau  set  seemed  to 
us  to  be  excessive,  so  we  decided  to  use  the  Table  I  coeffi¬ 
cients  in  our  final  vibration  energy  calculations.  Identifica¬ 
tion  numbers  (as  found  in  Table  I  of  Dykstra  and  Swope's 
paper)  for  the  four  deleted  geometries  are  56, 63, 65,  and  66, 
These  geometries  all  have  negative  S  and  large  positive  R  as 
polar  displacement  coordinate  values. 

An  examination  of  the  deleted  geometries  was  made  us¬ 
ing  the  Camey-Porter  SPF  expansion  coefficients  given  in 
Table  I.  Note  that  the  Dykstra-Swope  and  Camey-Porter 
SPF  fits  have  slightly  different  equilibrium  intcmuclear  dis- 
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TABLE  IV.  Qiurtic  oomul  Torre  Scldi  derived  from  the  Camey-Porter 
PES. 


TABLE  V.  Quanic  normal  forte  fields  derived  from  the  Dyksira-Swope 
PES 
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coniUnU 


(cm' ') 

H.* 

H,D* 

D,H* 

H.* 

(cm"') 

M.* 

H,D* 

D,H* 

d; 

6/, 

J4.S2  63 

3244  03 

2939  51 

2442  38 

3447  29 

3243  87 

2940.74 

2438  60 

W, 

2386  83 

2083.05 

1942  58 

2774.63 

240803 

2100  56 

1962  76 

W, 

2746  10 

1507  04 

2142  64 

1942  58 

2774.63 

2533.09 

2263.94 

1062.76 

*111 

-  32}  36 

-  341  42 

-  279  16 

-  193  58 

*111 

-  336  51 

-  354  22 

-  286.63 

-  200  21 

*111 

-  193.Sg 

24  54 

-  241.01 

-  116  54 

*m 

-206  3t 

27.39 

-  250.00 

-  122.75 

*1 1 1 

-  212.52 

38.44 

*112 

00 

-  214  50 

22.93 

00 

*112 

-  664  45 

-  577,68 

-  143.76 

-  395.33 

*iti 

-672.19 

-  586.57 

-  132.12 
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*t« 

-  664  4] 

-  339  40 
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-  395  33 

*111 

-  672.19 

-  326  07 
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-  399  93 

*l» 

387  63 

642.18 

21797 

349.62 

*211 

618  94 

673.61 

227.39 

368.2} 

*  1  1 1 1 

37  *0 

52  22 

31  52 
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*  tin 

47  60 

58.26 

34.34 
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*1111 
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6.76 
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11.03 
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91  56 
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002 

*ttti 

0.02 

77,90 

23.60 

001 
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137.13 

2  17 
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*1112 

138.63 

19} 

56  52 

69  37 

*»in 

163  40 

165  58 

-  29.43 

81.77 

*1111 

148.78 

163.44 

-  29.48 

74.43 

*1111 

-  1 1  70 

81.77 

*8111 

148.78 

-  29  06 

215.96 

74.45 

*1111 

94  09 

-  29  59 

13.52 

*1111 

26  80 

96.74 

-  32.47 

13  41 
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-412gi 

-  346  04 
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-  413  97 

-  339  19 

-  161  93 

-  208  16 
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M.T* 
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T,H- 

T,D- 

t; 
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T,D' 

T/ 

7* 
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-  292  03 

*m 
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-  257  57 

-  603.22 
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♦ 

> 
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385  09 
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21  80 

26  46 
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65  47 
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27  25 

20  08 

1591 
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18  61 
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*mi 

-  704 

-  4  09 

28  59 
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^1111 

2400 

9  79 

-  12  93 

4  51 
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24  76 
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-  13  87 
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1 1 11 

<19  47 

54  16 
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85.27 

28.70 
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1  05 
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-  21.44 

21  36 

24  81 

33  51 

4583 

*«ui 

-  22  03 

21  64 

21  73 

51,04 

46.32 

*1111 

127  11 

97  31 

-  .54  30 
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54  60 

*n?2 

128  29 

94  46 

-  29  10 

0.42 

49.72 

-  50  60 

19  24 

208  41 

109  13 

34  60 

*1111 

-  66  64 

10  27 

205.07 

105.82 

49.72 

*1111 

94  06 

40  77 

-  22  59 

-  12  63 

9  03 

*ii%» 

95  44 

42  35 

-  24  49 

-  14,34 
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-  306  63 

-  101.77 
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-  120  10 

-  137  9} 

*1111 

-  298  57 

-  189  94 

-  109  24 

-  121  26 

-  139  00 

tanccs.  For  geometry  number  56,  the  Camey-Porter  fit  gives 
an  energy  ofO  040a.u.  relative  to  the  potential  minimum  and 
the  Dyk'tra-Swopefit  gives  0.039  a.u.  However,  the  relative 
energy  value  reported  by  Dykstra  and  Swope  for  this  geome¬ 
try  isO.  105  a.u.  According  to  Martire  and  Burton'^  this  val¬ 
ue  IS  in  error.  The  other  three  deleted  geometries  had  pre¬ 
dicted  relative  energies  which  were  quite  close  to  the  values 
given  by  the  Camey-Porter  PES  as  well  as  those  of  Dykstra 
and  Swope.  Thus,  the  Table  I SPF  fit  is  seen  to  provide  a  very 
accurate  representation  of  Dykstra  and  Swope’s  PES  over 
the  entire  range  of  geometries  encompassed  by  their  calcula¬ 
tion. 


for  the  Camey-Porter  and  Dykstra-Swopc  PES’s.  Force 
constants  for  tritiated  isotopes  are  also  given  in  these  tables. 
These  force  fields  should  be  helpful  for  calculating  such 
spectroscopic  parameters  as  the  anharmonic  rotation  con¬ 
stants  and  centrifugal  distortion  constants. 

B.  Variational  raaulta 

1.  Convmrgmc*  prop0iH09  of  Int0mal  tnd  t  eoordlnatm 
Homlltonlont 


2.  Ouartle  normal  torca  Mda 

The  a;, ,  ,  and  which  define  the  quartic  normal 

force  fields,  are  present^  in  Tables  IV  and  V,  respectively, 
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Av  mentioned  in  Sec.  Ill  C  our  energy  level  convergence 
and  basis  set  selection  study  utilized  the  Camey-Porter  SPF 
PES,  for  which  results  may  be  compared  with  previous  stud- 
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TABLE  VI.  Zero-point  and  one-quaoiiun  exciulion  enerfiafor  isotopic  H/  inolcctites  (cin~'). 


Vtrulioaal 
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Vibratioa 

t 

internal 
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mcthodi 

coordinate 

coordinate 

PT 

coordinate 

PT 

Camey-Porter 

Dykstra  and 

Dykstra-Swope 

Pounlui 

Camey  and  Porter 

Fifth  degree  SPF 

force  Aeld 

quanic  normal 

Swope  sitth 

Mifioe 

degree  SPF 

force  field 

H,*  molecule 

4MS.3 

4343. 1 

4304  1 

4363  5 

4312  6 

**2 

2SI6 

2St6 

2509 

2522 

2512 

•i 

]l«3 

3IRS 

3179 

3180 

3163 

D,*  molecule 

SOWS 

30«l 

3079  5 

3114  6 

3089  2 

Of, 

tl26 

tS26 

1124 

1835 

1832 

"t 

2.107 

2307 

2306 

2103 

2296 

D,H  *  molecule 

3S47.5 

3347.3 

3548  7 

3563  9 

3562  9 

w, 

ISSt 

t96l 

1959 

l%9 

1966 

"l 

2072 

2073 

2067 

2080 

2069 

"l 

2742 

2743 

2739 

2739 

2731 

H,0  *  molecule 

£o 

31630 

3162  S 

39526 

3980  5 

3965  8 

2203 

2201 

2196 

2207 

2199 

Wj 

232S 

2327 

2324 

2336 

2330 

*1, 

3000 

2»99 

2993 

2994 

2979 

ies.  The  vibration  energies  obtained  are  shown  in  Tables  VI 
and  VII;  experimental  values  are  quoted  in  Table  VIII.  We 
estimate  that  for  and  D/  the  two-quantum  levels  are 
converged  to  within  several  wave  numbers  while  the  funda¬ 
mentals  are  converged  to  better  than  1  wave  number.  For 
H,*  the  convergence  error  is  somewhat  greater,  perhaps  as 
large  as  five  wave  numbers  for  the  two-quantum  levels,  and 
for  DjH*  the  error  is  even  larger.  For  every  molecule  stud¬ 
ied  except  DjH  *  the  energies  are  better  converged  than  the 
values  obtained  in  Carney  and  Porter's  /  coordinate  calcula¬ 
tions  on  the  same  PES  with  a  smaller  basis  set. 

Our  rough  convergence  estimates  are  based  on  the  sta¬ 
bility  of  the  energies  when  the  basis  set  is  expanded  or  con¬ 
tracted  and  on  the  magnitude  of  the  splittings  of  the  degener¬ 
ate  states  of  H/  and  D/ .  These  estimates  are  also 
reinforced  by  the  discussion  of  Burton  el  al.,"  who  estimated 
the  convergence  error  for  Hj*  and  D/  arising  from  the  use 
of  a  220  term  basis  set  which  corresponds  closely  to  Camry 
and  Porter’s. 

From  the  above  discussion  it  is  evident  that  is  more 
difficult  to  converge  with  internal  coordinate  basis  functions 
than  are  D,*  and  HjD*,  and  thatD,H^  is  the  moat  difficult 
of  all.  This  conclusion  is  verified  by  examining  the  basis 
function  weights.  If'.  From  Table  IX  it  is  seen  that  for  every 
weight  category  the  number  of  basis  functions  required  in¬ 
creases  in  the  order  D,' ,  KjD*^,  11/  ,  and  D]II*^.  A  similar 
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pattern  is  seen  in  the  number  of  bending  quanta  required, 
shown  in  Table  IX.  On  the  other  hand,  it  is  not  clear  whether 
these  molecules  differ  significantly  in  the  number  of  stretch¬ 
ing  quanta  required  for  convergence,  as  in  all  cases  this  num¬ 
ber  is  small. 

The  very  large  number  of  basis  functions  required  for 
convergence  in  the  current  study  is  a  reflection  of  the  limita¬ 
tions  of  internal  coordinate-separable  basis  functions  for  this 
class  of  molecules.  Still,  the  internal  coordinate  approach 
may  be  competitive  in  efficiency  with  the  t  coordinate  meth¬ 
od  in  the  case 


2.  tmprov0<l  vibration  Intarvala 

Comparisons  of  the  experimental  and  theoretical  funda¬ 
mental  excitation  energies  of  the  isotopir  H,‘  molecules  are 
given  in  Table  VIII  using  the  Dyksira-Swope  SPF  PES  and 
the  vibration  basis  sets  which  were  found  to  be  most  satisfac¬ 
tory  for  the  Camey-Porter  PES.  The  superb  agreement 
between  theoretical  and  experimental  fundamental  vibra¬ 
tion  frequencies,  =  1.2  wave  numbers,  confirms  the  ac¬ 
curacy  claim  made  by  Dykstra  and  Swope  about  their  PES. 
Since  the  Carney-Porter  PES  gives  an  of  6.9  wave 
numbers,  the  Dykstra-Swope  PES  is  clearly  more  accurate 
than  Carney  and  Porter's. 
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Table  Vll.  Two-quuiun  ciciuiion cncrgici  for  iMXopic  H/  motocutci  (cm' '). 


Vibntiod 
met  hods 

Variational 

t 

coordinate 

Vahatioaal 

internal 

coordinate 

PT 

Variational 

internal 

coordinate 

PT 

Carney  and 

Carney  and 

Carney- Porter 

Dyltstra  and 

Dyksira-Swope 

Potential 

Porter  fifth 

Porter  filth 

quartic  normal 

Swope  tilth 

quartic  normal 

surface 

desree  SPF 

degree  SPF 

forte  field 

degree  SPF 

force  field 

a,.n„  ±  / 

Hi' 

molecule 

0.2,0 

4799 

4795 

4733 

4785 

4710 

0.2.2 

iOOO 

4997 

5003 

5002 

5010 

l.l.  1 

5568 

5560 

7532 

5554 

5495 

2.0.0 

6268 

6262 

6243 

6269 

6223 

±  1 

D,- 

molecule 

0.2.0 

5528 

3526 

3505 

3532 

3505 

0.2.  2 

3639 

3638 

3640 

3653 

3556 

1.1.  1 

4062 

4061 

4051 

4060 

4038 

2.0.0 

4561 

4560 

4553 

4560 

4541 

H,D 

*  molecule 

0,2.0 

4314 

4292 

4309 

4290 

4307 

0.0.2 

4605 

4594 

4545 

4607 

4545 

0.1.1 

4490 

4464 

4456 

4468 

4456 

I.I.O 

5067 

5051 

5042 

5041 

5018 

1.0.1 

5246 

5241 

5223 

5245 

5205 

2.0.0 

5888 

5882 

5856 

5880 

5825 

D,H 

*  molecule 

0,2.0 

3819 

3817 

3817 

3820 

3817 

0.0.2 

4041 

4044 

4009 

4049 

4001 

0.1,1 

4046 

4048 

4046 

4065 

4062 

I.I.O 

4644 

4644 

4629 

4653 

462» 

1.0.1 

4688 

4695 

4683 

4684 

4656 

2.0.0 

5391 

5395 

5374 

5394 

5352 

Vibration  intervals  calculated  variationally  by  Tenny* 
son  and  Sutclilfe'*  for  H,*  and  HjD*  with  Schinke  ei  al}* 
P£S,  and  those  obtained  for  andD3*  by  Burton  era/. 
were  generated  using  accurate  PES’s  and  high  quality  vibra¬ 
tional  basis  sets,  and  also  give  small  's  for  theory  vs  exper¬ 
iment  (22  (Tennyson-SutclifTe)  and  9  (Burton)  wave 
numbers] .  We  believe  that  the  differences  between  their  cal¬ 
culated  vibration  intervals  and  those  of  the  present  study  are 


Table  VIII  Theomical  and  openmenul  vibration  intervals  for  iaotopsc 
H,*  molecules  (cm''). 


Molecule 

EscitJlioa 

Vanaiional 
Dykaira-Swope 
tuth-drgrec  SPF 

Eiperimental 
Reft.  1-4 

H,- 

** 

2522 

25216 

H,D* 

V| 

2994 

2992  5 

’'i 

2207 

2205  9 

V| 

2336 

2335  4 

D,II* 

2739 

2737.0 

*■1 

1969 

1968  1 

Vl 

2080 

2078  4 

D,‘ 

1835 

1835.7 
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TABLE  I.X.  Omvcricnoe  properties  of  the  internal  coordinate  vibration 
wave  Tunctioni. 


Weight 

If 

D,* 

H,D* 

D,H* 

Number  of  basis  functions  of  a  given  weight,  IF,  in  the  tubapact  of  the  ten 

iowat  vibrational  ttatca. 

IF>  I0-' 

51 

42 

44 

56 

10-'>  IF>  10'* 

89 

65 

70 

92 

io-’>  »'>  I0-* 

124 

109 

109 

130 

Maaimum  number  of  bending  quanta  for  basis  functions  of  s  given  weight 

W>  10'* 

6 

5 

5 

6 

IF>  10’ 

12 

8 

10 

12 

lf>  10'* 

16 

14 

14 

16 

Masimum  number  of  stretching  quanta  per  bond  for  basis  functions  of  ■ 

given  wcighl 

IF>  10’ 

3 

3 

3 

3 

lf>  10'’ 

4 

4 

4 

5 

lf>  10'* 

5 

5 

s 

5 
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TABLE  X.  Aflhannoaic  vibralion  tcnn  oocflkicnU  calculated  from  the  Camry-Porter  quartic  normal  force 
Icldf  for  laotoptc  H,‘  nolecuki  (cm~ '). 


X.oolecuk 

■*11 

(ii 

H,* 

-  5$  08 

-  75  33 

-  157.00 

67  50 

D.* 

-  29  06 

-  37.69 

-  78  56 

33.78 

t; 

-  19  41 

-25.17 

-  52  46 

22  56 

XY]  molecule 

*11 

*11 

*11 

*11 

*11 

*11 

H,D* 

-64  93 

-42  13 

-  51  67 

-  147  lA 

-94.36 

-  64  66 

D.H” 

-  52  27 

-  50  15 

-  62.30 

-68.55 

-  122.70 

20.29 

H,T- 

-  70.50 

-  31.04 

-44  20 

-  139  16 

-84  It 

-71  14 

T,H* 

-  51  59 

-  34  04 

-  58.76 

-  50  69 

-  100  49 

19  86 

D,T* 

-  2919 

-  26  66 

-  29  70 

-  78  20 

-  55.74 

-  25  92 

T,D* 

-  26.22 

-  31  68 

-  33  19 

-  46  42 

-  70  48 

7  77 

due  mainly  to  small  differences  in  the  PES's  used.  More  re¬ 
cently  Martire  and  Burton'^  fitted  Dykstra  and  Swope's  PES 
and  also  obtained  an  improved  fit  to  their  own  ab  initio  PES. 

values,  6  and  3  cm"',  are  obtained  for  Hj*  and  D/ , 
respectively,  when  their  fit  and  our  fit  to  the  Dykstra-Swope 
PES  are  compared.  values,  5  and  7  cm"',  arc  obtained 
for  Hj*  and  D,* ,  respectively  when  their  improved  fit  to 
their  own  PES  and  our  fit  to  the  Dykstra-Swope  PES  are 
compared.  Again,  the  differences  in  vibration  intervals  are 
probably  due  mainly  to  the  PES  fits  used. 

As  for  the  zero-point  vibration  energies  of  Hj*  and 
HjO"*,  quantities  which  are  important  in  determining  the 
equilibrium  constant  for  the  isotopic  exchange  reaction,  all 
of  the  above  studies  are  in  excellent  agreement  with  each 
other,  the  differences  not  exceeding  1.2  wave  numbers. 

On  the  other  hand,  the  present  Camey-Porter  and  Dyk¬ 
stra-Swope  vibration  intervals  for  several  two-quantum  ex¬ 
citations  in  H/  differ  from  the  earlier  values  reported  by 
Burton  et  al.  and  by  Tennyson  and  Sutcliffe  by  considerable 
amounts.  These  differences  are  greater  than  our  vibrational 
convergence  errors,  as  seen  from  the  Dj*  results,  which  are 
well  converged  in  the  present  study. 

More  recently,  Meyer  and  Botschwina’’  have  calculat¬ 
ed  an  H,"  ab  initio  PES  using  a  \0s,4p,2d  electronic  orbiul 
basis  set  which  they  fitted  to  a  function  expri^sed  in  curvilin¬ 


ear  symmetry  coordinates,  and  determined  the  vibrational 
frequencies  and  zero-point  energies  for  isotopic  H/  mole¬ 
cules  using  S04  vibrational  basis  functions.  Comparing  their 
results  for  Hj*,  HjD"",  DjH*,  and  D,*  to  the  present  im¬ 
proved  vibrational  intervals  derived  from  the  Dykstra- 
Swope  PES  for  one-  a  d  two-quantum  excitations,  that  is, 
using  the  two  sets  of  30  transitions,  gives  an  E^  of  5  *)  w  ave 
numbers.  Comparing  the  fundamentals  of  the  four  isotopic 
molecules  for  the  Dykstra-Swope  PES  against  those  for  the 
Meyer-Botschwina  PES  gives  an  E^  of  only  2.4  wave 
numbers.  These  small  differences  in  the  ff^i’s  indicate  that 
the  two  potential  functions  are  nearly  equivalent.  Compar¬ 
ing  Meyer  and  Botschwina’s  results  for  the  fundamentals  to 
the  experimental  data  in  Table  VllI  gives  an  ff,,,  of  I  8  wave 
numbers.  Thus,  the  Dykstra-Swope  and  Meyer-Botsch¬ 
wina  PES’s  both  give  superb  agreement  with  experiment. 

C.  Perturbation  theory  reeulte 

The  calculated  anharmonic  coefficients  .x,  j  are  given  in 
Tables  X  and  XI.  Vibrational  intervals  given  by  second-or¬ 
der  perturbation  theory  (PT)  are  presented  in  Tables  VI  and 
VII  along  with  the  accurate  variational  results.  Including  all 
30  one-  and  two-quantum  excitation  intervals  the  value 
for  variational  vs  PT  methods  is  20  wave  numbers  for  the 
Camey-Porter  PES,  and  3 1  wave  numbers  for  the  Dykstra- 


TABLE  XI  Anharmonic  vibrational  lerm  coefBcienU  calculated  from  the  Dykstra-Swope  quartic  normal 
force  Helds  for  uotopic  H/  molecules  (cm 


X ,  molecule 

•*11 

*11 

*11 

Ill 

h; 

-  51  78 

-  82.37 

-  180  66 

75  IB 

o: 

-  25  91 

-41  22 

-  90.40 

3762 

T,* 

-  17.30 

-27.53 

-60.37 

25  12 

XY ,  molecule 

■*11 

*11 

■*)) 

*|J  •*!> 

*11 

II, D* 

-  66  45 

-  45  93 

-  57  30 

-  160  38 

-  103  68 

-  73.30 

D,H* 

-  52.12 

-  57  14 

—  68.92 

—  67  49 

—  143  90 

26  52 

HiT* 

-  74  82 

-  34  36 

-  49  22 

-  146  65 

-91  t8 

-  80  56 

TiH- 

-  54  32 

-  38  31 

-  63  40 

-  48  03 

-  116  76 

22  39 

D,T- 

-  28  94 

-  28  85 

-  32  82 

-  87  75 

-  62  28 

-29  15 

TiD* 

-  25  41 

-  35  52 

-  36  19 

-  49.40 

-81.88 

9  97 
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Swope  PES.  If  only  the  fundamental  excitations  are  consid¬ 
ered,  the  's  are  reduced  to  five  and  ten  wave  numbers  for 
the  respective  PES’s.  For  both  PES’s  rather  large  differences 
are  found  in  the  vanational  and  PT  denved  zero- point  vibra¬ 
tion  energies. 

These  comparisons  of  variational  results  with  PT  dem¬ 
onstrate  that  second-order  PT  has  limited  accuracy  with 
these  light  molecules.  Of  course,  for  some  purposes  an  accu¬ 
racy  of  10-30  wave  numbers  in  the  vibration  energy  calcula¬ 
tion  might  be  acceptable,  and  then  the  convenience  of  PT 
would  offset  the  improved  accuracy  with  the  variational 
method.  For  example,  when  Polak’s’*  diatomics-in-mole- 
cules  PES  for  H,*  is  used  the  fundamental  excitation  ener¬ 
gies  are  =  2255  and  =3315  wave  numbers  for  H,* , 
and  v^-  =  1627  and  =  2391  wave  numbers  for 
Companng  these  four  DIM  vibrational  intervals  to  those 
obtained  from  the  Dykstra-Swope  PES  gives  =  187 
wave  numbers. 

V.  CONCLUSIONS 

A  sixth-degree  Simons-Parr-Finlan  polynomial  expan¬ 
sion  is  found  to  give  a  very  precise  fit  to  the  Dykstra-Swope 
ab  initio  potential  energy  surface  for  Hj* ,  the  average  error 
being  only  1.2  wave  numbers.  Using  this  potential  function 
and  the  variational  method,  fundamental  vibration  intervals 
are  obtained  which  agree  with  experimental  values  to  within 
an  average  of  1.2  wave  numbers.  This  level  of  agreement  is 
comparable  to  recent  results  obtained  by  Meyer  and  Botsch- 
wina.  With  the  Camey-Porter  fifth  degree  SPF  surface  the 
average  agreement  with  experiment  is  6.9  wave  numbers. 

The  t  coordinate  vibrational  Hamiltonian  is  found  to 
give  a  much  more  compact  wave  function  expansion  for  the 
isotopic  H/  molecules  compared  to  the  internal  coordinate 
Lai-Hagstrom  Hamiltonian  used  in  the  current  Camey- 
Cropek  vanational  method.  The  possible  exception  is 
HjD*,  for  which  the  two  Hamiltonians  may  be  comparably 
efficient.  Very  careful  basis  set  selection  is  required  to  con¬ 
verge  the  Camey-Cropck  algorithm  for  isotopic  Hj*  mole¬ 
cules. 

The  stand.'ird  second-order  perturbation  theory  ap¬ 
proach  IS  found  to  give  an  accuracy  of  about  five-ten  wave 
numbers  for  the  fundamental  vibration  intervals  and  about 
20-30  wave  numbers  for  the  two-quantum  intervals.  Thus, 
perturbation  theory  is  suitable  for  these  light  molecules  only 
when  highly  accurate  vibrational  energies  are  not  required. 
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THE  NO  +  0  AND  NO  +  O3  REACTIONS:  I.  ANALYSIS  OF  NO2 

VIBRATIONAL  CHEMILUMINESCENCE 

Steven  M,  Adler-Golden 

Spectral  Sciences.  Inc.,  IH  So.  Bedford  St..  Burlington.  MA  01803 

Low  resolution  NO2  and  V3  cliemi  luminescence  spectra  from 

the  NO  +  0  and  NO  O3  reactions  are  simulated  with  a  stepladder 
kinetic/spectroscopic  model.  The  model  uses  simple 
parameterizat ions  of  radiative  and  collisional  processes  and 
assumes  equipart it  ion  of  electronic  and  vibrational  energy.  Good 
agreement  is  obtained  witli  measurements  of  the  Vj»V3  band  shape 
and  absolute  intensity. 

l.  INTRODUCTION 

Among  the  best-known  chemiluminescent  reactions  are  the  reactions  of 
nitric  oxide  (NO)  with  atomic  oxygen  (0)  and  ozone  (O3).  producing  excited 
nitrogen  dioxide  (NO2).  Visible  and  near-IR  emission  results  from 
electronical ly  excited  NO2  (NO2*).  and  appears  as  an  essentially  continuous 
spectrum. ^’2  At  longer  IR  wavelengths.  NO2  vibrational  bands  are 
observed ,3-6- 

An  understanding  of  NO2  chemiluminescence  is  especially  important  in 
view  of  its  potential  as  a  source  of  atmospheric  background  radiation.^ 
particularly  in  disturbed  atmospheres.®’®  Indeed,  measurement  of  the  NO2 
airglow  can  yield  information  on  atmospheric  composition.  Visible  aifglow 
measurements  have  been  used  to  extract  approximate  NO  densities  in  the  100 
-  110  km  altitude  range.®  NO2  chemiluminescence  may  also  be  an  important 
source  of  radiation  in  the  glow  surrounding  orbiting  spacecraft,  such  as 
the  Space  Shuttle.^® 

Although  detailed  study  of  the  NO2  chemiluminescence  has  focused 

m. iinly  on  tlie  visible  region,  the  IR  region  is  also  Important.  Substantial 
NO2  vibrational  chemiluminescence  might  occur  in  disturbed  atmospheres  and 
in  spacecraft  glows. Of  particular  interest  are  the  3.5  -  3.7  p 
combination  band,  which  lies  In  an  atmospheric  window,  and  the  strong  V3 
fundamental  at  6.3  p. 
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ExperlMental  data  on  NO2  vibrational  chemiluminescence  is  rathrr 
limited.  Following  Initial  observations  of  IR  band  emiss  ion .  ^  ®  the 
quenching  kinetics  of  the  Vj+Vq  band  were  studied  by  Golde  and  Kaufman,'’ 
who  extracted  effective  vibrational  deactivation  rate  constants  by 
monitoring  the  emission  intensity  as  a  function  of  gas  composition.  Mort' 
recently.  Hui  and  Cool^^  observed  time-resolved  emission  from  tlio  O3 
+  NO  reaction  following  CO2  laser  excitation  of  the  ozone,  and  dt'rived 
deactivation  rate  constants  in  rough  agreement  with  Golde  and  Kaufman's. 
However,  neither  study  attempted  to  explain  the  band  sliape  or  absolute 
intensity,  or  to  provide  an  interpretation  of  the  rate  constants  in  terms 
of  energy  loss.  Very  little  information  is  available  on  emission  from 
other  bands,  including  v^.  Furtliermore ,  to  our  knowledge  the  only  spectrum 
available  at  low  pressures  (below  the  0.2  -  2  torr  range  studied  in  Refs.  4 
-  6  and  12)  is  a  single  measurement  of  NO  ►  O3  ''J■•V3  emission  in  20  mtorr 
NO  by  Clough  and  Thrush.^ 

This  paper  presents  a  model  for  the  room  temperature,  low  resolution 
V3  and  ''i*V3  emission  spectra  from  both  the  NO  +  0  and  NO  ♦  O3  reactions, 
applicable  to  a  wide  range  of  pressures  and  gas  mixtures.  Comparison  with 
the  rather  limited  experimental  data  demonstrates  better  than  factor-of-2 
absolute  intensity  accuracy  and  better  than  2\  wavelength  accuracy  for 
these  bands. 


II.  KINETIC  MODEL  DESCRIPTION 


A.  Overview 


V 
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Despite  intensive  research,  our  understanding  of  NOg  chemiluminescence 
is  quite  limited.  Much  of  the  blame  is  due  to  the  complexity  of  NO2  s 
kinetics  and  spectroscopy.  The  state  specification  of  excited  NO2  is 
uncertain  due  to  strong  mixing  between  the  ground  and  one  or  more  excited 
electronic  states. causing  remarkable  congestion  and  irregularity  in 
the  visible  spectrum . The  kinetics  of  excited  NO2  are  complicated  not 
only  by  the  lack  of  state  specification,  but  also  by  the  variety  of 
pathways  for  creation  and  destruction,  which  include  chemical  reaction, 
vibrational  relaxation,  and  visible  and  IR  radiation. 
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In  the  face  of  these  complexities,  several  workers^ ^ have  adopted  a 
Creatly  simplified  approach,  in  which  state  specification  is  reduced  to  a 
single  parameter.  E.  the  sum  of  the  vibrational  and  electronic  energy. 
(Rotational  energy  is  assumed  to  be  equilibrated  with  the  transl.ttional 
temperature  and  is  ignored.)  In  this  model  the  kinetic  entities  are  not 
individual  eigenstates,  but  instead  are  evenly  spaced  "energy  levels"  wliich 
form  a  stepladder.  Each  level  is  intended  to  represent  an  ensemble  of 
eigenstates  having  E  close  to  E(l).  the  energy  of  level  i.  All  kinetic  and 
spectroscopic  properties  of  excited  NO2  therefore  depend  on  E  alone.  The 
kinetics  of  the  energy  level  stepladder  are  easily  solved;  in  the 
steady-state  approximation  a  small  set  of  simultaneous  linear  equations  is 
obtained.  The  stepladder  model  has  been  highly  valuable  for  analyzing  NO2 
visible  chemiluminescence  and  fluorescence 

Tlie  current  study  develops  a  stepladder  model  capable  of  predicting 
the  low  resolution  NO2  V3  and  Vj+V3  band  spectra  in  the  NO  »  0  and  NO  ♦  O3 
reactions.  Development  of  such  a  model  requires  careful  parameterization 
of  the  energy  dependence  of  vibrational  and  radiative  relaxation  rates, 
wliich  span  3  orders  of  magnitude  over  the  full  range  of  E.  Even  with  the 
drastic  simplification  that  the  steplavldcr  model  affords,  there  is 
insufficient  direct  experimental  data  to  fully  specify  these  rates.  Our 
approach  is  to  use  tlie  available  data  to  define  semi-empirical  functions 
which  describe  NO2 ' s  kinetics  and  spectroscopy  for  all  E. 

At  high  pressures  (>-l  torr)  the  model's  components  are  the 
collisional  formation  and  removal  rates  and  the  vibrational  emission  rates 
for  each  band.  For  the  NO  +  0  reaction  the  formation  kinetics  are  well 
known .  For  the  NO  ♦  O3  reaction  an  initial  state  distribution  is 
inferred  from  results  of  trajectory  ca  1  culat  ions .  Collisional 
rela.xation  by  03.  NO  and  N2  is  modeled  by  combining  results  from  the  laser 
studies  of  tinnnelly  et  al.^^  and  Hui  and  Cool^^  with  the  VJ  +  V3  band 
measurements  of  Golde  et  al.**’^  The  IR  band  emission  rate  is  modeled 
assuming  vibrational  energy  equipartition  and  harmonic  oscillator  scaling 
for  the  dipole  moment  matrix  elements.  Validation  of  the  model  at  high 
pressures  (ca.  1  torr)  is  provided  by  comparison  with  experimental'*"'*  IR 
b.Tud  shapes  and  absolute  intensities. 


D-4 


f.*  *  .»  *»•  -g*  ||«  *-• 


For  modeling  low  pressures  rndlalivc  relaxation  must  be  included;  this 
is  accomplished  using  a  semi -empl rical  continuum  function  derived  elsewhere 
(Ref.  27.  hereafter  denoted  Paper  II).  The  resulting  complete 
chemiluminescence  model  can  be  used  to  predict  Infrared  band  spectra  over  a 
wide  range  of  laboratory  conditions.  It  also  generates  predictions  of 
continuum  emission;  details  art;  given  in  Paper  II. 

B.  Mechanisms  of  NO2  Formation  and  Relaxation 

The  basic  mechanism  of  the  NO  »  0  reaction  is  well 
establ ished . The  formation  of  stable  NO2  molecules  from  tliis 
reaction  requires  the  removal  of  excess  energy  from  the  O-NO  collision 
complex,  which  may  be  accomplished  either  by  radiation  or  by  collision  with 
a  third  body,  denoted  M.  At  pressures  below  a  few  millitorr  radiation 
provides  the  dominant  formation  and  relaxation  patliway,  made  possible  by 
the  presence  of  one  or  more  low-lying  excited  electronic  states. At 
intermediate  pressures  the  O-NO  complex  is  stabilized  via  collisions  with 
the  bath  gas.  and  a  partially  relaxed  distribution  of  excited  states  is 
established,  which  can  further  relax  or  radiate.  In  this  pressure  region 
the  NO2  formation  rate  is  tr imolecular .  At  pressures  above  -1  torr  a 
limiting  distribution  of  emitting  states  is  reached,  and  the  rate  constant 
for  chemiluminescence  is  bimolecular. 

The  NO  ♦  O3  reaction  yields  stable  NO2  directly,  primarily  it)  the 
ground  electronic  state. A  small  fraction  of  the  reaction  yields  NO2* . 
which  emits  IR-visible  continuum.  It  has  been  conjectured  that  the  NO2* 
results  from  a  second,  excited  electronic  reaction  channel  (see  discussions 
in  Refs.  25,  26.  and  26);  however.  Paper  II  provides  a  different 
interpretation.  According  to  trajectory  calculations  on  the  ground 
potential  energy  surface  (particularly  the  recent  study  by  Viswanathan  and 
Raff^®)  the  reaction  energy  is  partitioned  nearly  statistically  among  the 
available  vibrational,  rotational,  and  translational  degrees  of  freedom 
(see  the  following  subsection). 

Relaxation  of  excited  NO2  proceeds  both  radiatively  and  col  1 isional ly , 
with  rates  which  decrease  steadily  towards  lower  energy . Near 
tl)o  dissociation  limit,  vibrational  relaxation  is  nearly  gas  kinetic,  and 
the  average  radiative  lifetime  is  about  50  Msec.^^'^^  Below  the  origin  of 


the  ^62  state  (around  10.000  ciii“^)  the  only  radiative  relaxation  mechanism 
is  vibrational  band  emission,  a  much  slower  process.  The  vibrational 
relaxation  rate  also  decreases  markedly  below  the  ^82  origin,  where  it  is 
typically  -0.01  gas  kinetic  or  less.^  In  the  0  +  NO  system,  reaction  of  N'02 
with  atomic  oxygen  can  be  an  important  removal  process  for  these  low  energy 
states  .  ^ 

C.  Kinetic  Model  Assumptions 

As  mentioned  in  Sec.  IIA,  the  fundamental  assumption  of  the  current  as 
well  as  previous^^”^"^  models  is  that  a  given  quantity  of  NO2  vibrational 
plus  electronic  energy  E  is  distributed  statistically  among  all  degrees  of 
freedom.  This  assumption  of  energy  equipartition  can  be  rationalized  in 
several  ways.  One  can  invoke  vibronic  mixing  between  the  ground  and 
excited  electronic  states. Perhaps  a  better  argument,  which  would 
apply  even  below  the  excited  electronic  origin,  is  that  collisional 
scrambling  will  rapidly  equilibrate  nearby  energy  levels,  especially  at  the 
pressures  considered  here.  This  scrambling  should  be  very  fast  (-gas 
kinetic)  since  the  density  of  states  exceeds  1/kT  at  most  energies  of 
interest.  The  rapidity  of  this  process  is  consistent  with  the  observation 
of  fast  collisional  relaxation  following  laser  excitation  of  NO2 ,  giving 
rise  to  a  pseudo-continuous  spectrum. 

At  energies  well  below  the  excit'*d  electronic  origin,  intramode 
vibrational  relaxation  may  exceed  intermodc  scrambling,  and  vibrational 
energy  equipartition  may  not,  in  general,  hold  however,  we  note  that 
these  low  energy  states  are  formed  with  a  scrambled  vibrational  energy 
distribution,  either  via  cascade  from  higher  lying  stales  (in  the  NO  0 
reaction)  or  else  via  a  direct,  statistical  mechanism  (in  the  NO  ♦  O3 
reaction).  Unless  the  vibrational  relaxation  process  is  liighly 
mode- spec  i  f  1C  ,  approximate  equipartition  will  probably  be  maintained. 

Since  a  state-specific  description  ol  NO2  is  abandoned,  exact  values 
of  Die  energy  levels  are  irrelevant.  In  the  interest  of  mathematical 
simplicity  the  energy  is  discretized  to  form  a  stepladder  of  evenly  spaced 
levels  For  the  current  model  a  spacing  of  1000  cm"^  has  been 
arbitrarily  chosen,  a  convenient  number  which  is  consistent  with  the  energy 
"resolution"  desired,  and  which  is  also  the  rough  size  of  a  vibrational 
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quantum.  The  energy  of  level  i  Is  therefore  given  by  E(i)  =  lOOO(i-l), 

Provided  that  the  rate  constants  are  properly  adjusted  to  take  the  1000 
cm~^  spacing  into  account,  the  stepladder  approach  should  yield  a  faitliful 

account  of  excited  NOg  kinetics.  Thus,  rate  constants  for  vibrational  i 

1 

energy  relaxation  from  level  i  to  level  1-1  are  to  be  understood  as  rale  I 

•1  • 
constants  for  1000  cm  ^  energy  loss,  rather  than  as  the  actual  removal  rate  ' 

of  a  molecular  state.  Finally,  collisional  relaxation  is  assumed  to 

proceed  solely  from  level  i  to  level  i-1,  i.e.,  via  single-quantum  steps. 

The  stepladder  scheme  allows  the  steady-state  kinetics  to  be  described 

via  a  system  of  linear  equations  for  the  level  populations  N02(i), 

dN02(i)/dt  =  0  =  ^N02(J){2k„( j.i)[M]  ^  r(J,i)) 

j  M 

-  fR(i)[N0][R]  -  N02(i){2k„(i,j)[.M]  -  ^rd.j)  ^  x{i)[0])  (1) 

j  M  j 

where  kj^(i,j)  is  the  second-order  rate  constant  for  transfer  from  level  i 
to  level  j  via  collision  partner  M,  r(i,j)  is  the  (first-order)  rate 
constant  for  radiative  transfer,  fR(i)  is  the  second-order  rate  constant 
for  formation  of  level  1  via  chemical  reaction  (R  denotes  the  reagent.  0  or 

O3)  and  x(i)  is  the  second  order  rate  constant  for  reactive  removal  of 

level  i  by  atomic  oxygen.  By  neglecting  up-pumping  (processes  for  which 
i<j)  the  solutions  to  F.q.  (1)  are  obtained  by  starting  with  the  topmost 
N02(i)  level  and  working  downward.  Up-pumping  occurs  via  excitation  by  the 
bath  gas  thermal  energy,  and  may  be  neglected  when  NOg ( i ) /NO2 ( 1  - 1 )  >> 
exp( - 1000/kT) .  Under  most  conditions  in  the  current  study,  processes  su''h 
us  relaxation,  reaction,  or  diffusion  ensure  that  this  inequality  is 
satisfied;  therefore,  up-pumping  has  been  omitted  from  the  current  model. 

In  the  case  of  the  NO  +  0  reaction  the  kinetics  are  simplified  in 

several  ways.  The  topmost  level  is  the  activated  complex,  taken  as  i  27. 
which  is  the  only  level  for  which  fQ(t)  is  nonzero.  Secondly,  at  the  high 
total  pressures  (several  torr)  at  which  the  key  IR  band  measurements'^'^ 
wore  made,  radiative  relaxation  makes  a  negligible  contribution  to  the 
kinetics,  which  means  that  one  can  treat  the  continuum  emission  as  a 

problem  entirely  separate  from  the  IR  spectrum.  The  neglect  of  radiative 
relaxation  nnd  the  assumption  of  single-quantum  deactivation  imply  that  tho 
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net  formation  rate  of  each  N02(i)  state  etjuals  the  known  3-body  NO  ♦  0  +  M 
formation  rate.  At  lower  total  pressures  the  radiative  rate  constants 
r(i,j)  must  be  included,  and  the  formation  kinetics  become  more  complex. 


At  these  pressures  one  must  be  able  to  model  the  continuum  emission  in 


order  to  calculate  not  only  the  visible  spectrum,  but  the  IR  band  spectrum 


as  well. 


In  the  case  of  the  NO  +  O3  reaction,  collisional  relaxation  again 
dominates  radiative  relaxation  at  the  pressures  (0.2  -  2  torr)  of  typical 
exper iments . ^ ^  A  complicating  feature  of  this  reaction  is  that  the 


nascent  state  distribution  f^.  ( i )  is  an  important  model  input.  A  good 


starting  point  for  f^,  (1)  is  the  "prior"  ^  vibrational  probability 

“3 


distribution  dP(L)/dE,  which  assumes  statistical  deposition  of  the  reaction 


energy  in  tlie  NO2  O2  products.  Using  the  rigid  rotor-harmonic  oscillator 
(RRIIO)  approximation,  and  assuming  formation  of  ground  electronic  products 


only,  it  may  be  sliown  that 


dr(E)/dE  =  105(E*Eo)^(E-r-E)‘*/(Ei.‘Eo)'^ 


where  Ej  is  the  total  available  reaction  energy  and  Eq  is  the  .V'02 
vibr.ational  zero  point  energy.  Ej  is  taken  as  18600  cm'^,  calculated  from 
the  sum  of  the  reaction  exoergicity,  the  reactant  thermal  energy,  and  the 


activation  energy  (see  Paper  II). 


The  distribution  of  reaction  energy  predicted  by  the  statistical  RRIIO 


model  is  3, '8  (0.38)  in  NO2  vibration.  3/16  (0.19)  in  NO2  rotation.  1/8 

(0,13)  in  O2  vibration,  and  1/8  (0.13)  in  O2  rotation.  These  values 
compare  favorably  with  those  obtained  from  Viswanathan  and  Raff's 


trajectory  calculations'^’  (0.39  -  0.45,  0.13  -  0.20,  0.02  -  0.06,  and  0.06 


-  0.11.  respectively)  on  several  quite  different  model  potential  energy 
surfaces.  Similar  results  were  also  obtained  by  Chapman. The  relative 


insensitivity  of  these  values  to  the  potential  surface  increases  our 


confidence  that  Eq .  (2)  is  a  good  approximation  to  the  actual  nascent 


distribution. 
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III.  SPECTROSCOPIC  MODEL 

A.  IR  Band  Emission 


IR  bands  of  NO2  formed  from  the  0  ♦  NO  reaction  were  first  observed  by 
Stair  and  Kcnnealy,®  who  assigned  the  band  near  6.3  M  as  tin?  V3  transition. 
Later  work  by  Goide  et  al.'*'^  assigned  the  3.7  p  broad  band  as  Vj*V3  liot 
band  emission  from  high  vibrational  levels.  Similar  emission  was  observed 
by  Clough  and  Thrush^  from  the  NO  +  O3  reaction.  The  V3  and  Vj^^V3  bands 
are  the  strongest  vibrational  transitions  of  NO2 ,  with  Einstein  A 
coefficients  of  about  110  and  13  sec"^,  respectively,  for  the  transitions 
(0  0  1)  -  (0  0  0)  and  (101)  -  (00  0).^^"^^  The  aim  of  this  section  is 
to  develop  approximate  spectral  components  for  these  two  bands  for  each 
stepladder  level  N02(i). 

The  first  step  involved  calculating  NO2  vibrational  energy  levels 
using  published  anharmonic  constants , the  calculation  being  performed  for 
levels  as  high  as  16500  cm~^ .  While  an  extrapolation  to  such  high  energies 
is  ordinarily  quite  hazardous,  it  is  probably  satisfactory  for  the  present 
approximate,  low  resolution  model.  Furthermore,  we  shall  see  that  the 
levels  which  contribute  most  strongly  to  the  spectrum  have  energies  below 
10,000  cm'^.  Next,  the  computed  levels  were  binned  at  1000  cm"'  energy 
intervals  to  correspond  to  levels  i  =  1  -  16  of  the  stepladder  model  The 
spectrum  of  each  stepladder  level  was  then  calculated  by  assigning  each 
transition  an  Einstein  coefficient  given  by 

A3  ^  *'/^001 sec"'  (V3  band)  (3) 
or 

Ai3  =  13vjV3( v/VjQj )^  sec"'  (Vi+V3  band)  (4) 

These  formulas  use  the  known  Einstein  coefficients  of  the  cold  bands  and 
assume  harmonic  oscillator  scalJtig  for  the  dipole  moment  matrix  elements. 
Finally,  the  resolution  of  each  stepladder  level  spectrum  was  degraded  by 
binning  the  individual  transitions  to  the  nearest  0.1  or  0.2  p  (for  tlu* 
combination  and  fundame.ntal  bands,  respectively),  and  smoothing  slightly. 
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Resulting  stcpladdor  spectral  components  are  shown  in  Figs.  1  and  2. 
The  spectral  components  of  levels  differing  by  several  thousand  cm‘^  are 
seen  to  bo  well  separated  from  each  other,  surprisingly  so  considering  that 
each  component  contains  contributions  from  individual  vibrational  levels 
having  a  very  wide  range  of  quantum  numbers.  The  NO2  IR  band  emission 
spectrum  can  therefore  serve  as  a  low  resolution  map  of  the  vibrational 
energy  distribution. 

Although  these  spectral  components  should  be  reasonably  accurate  for 
low  energies,  as  the  energy  is  increased  it  is  expected  that  the  harmonic 
oscillator  scalings  will  break  down.  In  ozone,  for  e.vample,  significant 
weakening  of  the  harmonic  dipole  moment  scaling  sets  in  about  half  way 
towards  dissociation.^®  Bearing  this  effect  in  mind,  we  chose  the  smalh!r 
of  the  experimental  band  strength  valties^^' for  the  Einstein  coefficient 
calculation  (F.q.  (4)). 

At  low  pressures,  radiative  relaxation  must  be  included  as  a  pathway 
for  energy  loss  via  the  term  r(i.j)  in  Eq.  (1).  given  by 

r(i.j)  =  rgd.j)  +  rjgd.j)  +rg{i,j)  .  {5) 

whore  the  first  two  terms  refer  to  radiative  relaxation  via  V3  and  Vj-*V3. 
and  the  last  term  refers  to  relaxation  via  continuum  emission.  To 
calculate  the  contribution  from  the  IR  bands  we  start  from  the  spectral 
components  shown  in  Figs.  1  and  2.  We  define  a  set  of  effective  IR 
radiative  rate  constants  as  the  areas  under  the  curves;  these  are 
reasonably  well  approximated  by  the  formulas 


r3(E) 

=  110C3E/(3v3)  sec  ^ 

(6a) 

.13(F) 

=  13Ci3(E  725cm' ^ )^/( 12VJV3)  sec’^ 

(6b) 

where  the 

increasing 

factors  C3  and  C13  are  corrections  for  the 

energy,  approximated  by 

red  shift  with 

[1  -  0.014( i-3) 

(7) 

®13  " 

[1  -  0.014( i-4) 

(8) 

» 
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Eqs .  (6a)  and  (6b)  represent  "average"  Einstein  coefficients  for  (Miergy  E. 
To  convert  the  r(E)'s  to  r(i.j)'s  appropriate  to  our  stepladder  mode],  V3 
is  rounded  to  2000  cm"^,  while  Vj*V3  is  rounded  to  3000  cm'^.  The  final 
results  are 

r3(i.i-2)  =  r3  ( E )  V3,' ( 2000cin"  M  (9) 

ri3(i.i-3)  =  ri3(E)  ( •■V3)/(3000cra‘^ )  (10) 


B.  Continuum  Emission 

At  low  total  pressures  NO2  continuum  emission  needs  to  be  considered 
even  when  modeling  only  the  infrared  bands,  since  below  -1  torr  it  provides 
an  important  mechanism  for  energy  loss.  In  the  present  study  the  rale 
constant  for  continuum  emission  was  represented  by  the  expression 


5  X  10~'^[E(i)-9000-3.4  X  10'^  (  V-4000 )  ^  ]  ^^^ 

(E(i  )-9000)3{1  4-  1.4[(E(l)  +  1800)/(E(i)-8200))2) 


where  v  =  E(i)  -  E(j)  in  cm'^ .  This  formula  is  derived  and  discussed  in 
Paper  II,  where  it  is  found  to  give  very  good  agreement  with  measured 
continuum  emission  spectra  and  lifetimes. 


IV.  RATE  CONSTANTS 

In  this  section  the  rate  constants  for  deactivation.  knjli.j), 
formation,  ff{(i),  and  reaction.  x{l),  are  developed.  The  collision 
partners  considered  here  are  O2 .  N2.  NO,  NO2.  O3.  and  0.  Since  IR  band 

shape  and  intensity  modeling  requires  good  rate  constant  accuracy  over  a 
wide  range  of  e.xcitation  energy,  use  is  made  of  experimental  data  at 
several  energies.  Interpolation  between  the  data  is  accomplished  using 
simple  functional  fits. 
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A.  Vibrational  Deactivation 

Vibrational  deactivation  rate  constants  have  been  mcasnrod  at  Inch 
excitation  energies  via  laser-induced  visible  f luorescence . and,  at  lower 
excitation  energies  (6000  -  9000  cm' M  via  IR  chetr  i  1  iim  i  nescence  ^  To 
define  k,^(i,j)  over  the  entire  energy  range  a  simple  parameterization  of 
the  exjiei  imental  data  is  desired.  If  as  a  rough  approximation  we  assume 
that  tlie  deactivation  rate  is  proportional  to  the  density  of  states,  and 
that  the  rate  differs  in  the  ground  and  excited  (^02)  electronic  states. 


ku( i , i  1 ) 


cjpo  *  cy 


where  and  are  empirical  constants  and  p®  and  p  are  respectively  the 
ground  and  ^^2  v  i  bra t i on- ro tat  ion  state  densities.  In  the  semiclassical 
RRIIO  approximation  the  state  densities  are  proportional  to  (E  ♦  Eq  -  Ep)'", 
where  Eq  is  the  vibrational  zero  point  energy  and  Ep  is  the  excitation 
energy  of  the  electronic  origin.  The  ^82  origin  is  taKen  ns  10,000  cm'^, 
and  the  zero  point  energy  is  taken  as  IflOO  rm'^  in  both  states.  Tliis  leads 


kyli.i-l)  =  nulE-lSOOcm" 


E  5  8200  cm'^ 


(13a) 


=  aj,,(E*1800cm'M^  ♦  b^( E -8200cm‘ M 2 


25.000  >  E  >  8200  cm'’ 


(13b) 


where  the  empirical  constants  are  now  av^  and  b|^ .  These  etiuations  apply 
only  to  the  bound  NO2  levels;  the  kinetics  of  the  NO  +  0  activated  complex 
are  more  accurately  treated  as  described  in  Section  IV. C. 

Tlie  a|n  and  b^^  values  derived  for  the  collision  partners  considered  are 
listed  in  Table  I  Details  of  their  derivation  are  given  below  for 
specific  collision  partners.  The  general  procedure  was  to  select  kvjli.i-l) 
values  at  two  energies.  18800  cm’  (corresponding  to  Donnelly's  532  nm  LIE 
study23)  6000  cm'’  (corresponding  to  the  peak  of  the  NO  +  O3  IR 
emissions'll  from  which  aj^  and  bj^  are  uniquely  determined.  For  reasons 


I 


S' 

i 

S' 

c 

s' 


given  in  Paper  II  we  assumed  a  mean  vibrational  energy  loss  of  1500  cm'* 
per  deactivation  event  at  18800  cm"^ .  (Donnelly's  own  modeling  suggested 
an  energy  loss  value  of  roughly  1000  k|^j(i,i-l),  which  pertains 
to  the  loss  of  1000  cm”^,  is  then  obtained  from  Donnelly's  measured 
deactivation  rate  constant  by  multiplying  by  1.5.  The  value  of 
knj(i.i-l)  at  6000  cm“^  has  been  derived  from  effective  deactivation 
rate  constants,  denoted  kni23,  measured  by  Hui  and  Cool^^  and  Colde  and 
Kaufman.®  as  discussed  below. 


1 .  NO  and  NO. 


Donnelly  et  al.^^  measured  a  vibrational  deactivation  rate  constant  k^ 

of  1.2  X  10"^®  cm®  molec"^  sec~^  for  collisions  with  NO2  at  E  =  18800  cm'^. 

As  discussed  above,  this  value  is  multiplied  by  1.5  to  yield  kj^.^  (i,i-l). 

Based  on  relative  continuum  quenching  measurements  by  Clough  and  Thrush,'^ 

kj,.Q(i,i  1)  is  taken  as  0.7  of  kj^^^  ( i .  i-1 )  . 

From  measurements  of  NO  +  O3  laser-induced  chemiluminescence  the  rate 

13  1 

constant  for  Vj*V3  band  deactivation,  kjJjQ.  was  found  to  be  1.8  x  10'^^  by 
llui  and  Cool.^®  However,  Golde  and  Kaufman's  data®  suggest  that  this  value 
is  somewhat  low.  The  low  value  may  have  been  due  to  an  electronics  rise 
time  in  Hui  and  Cool's  apparatus,  which  we  believe  could  have  caused  a  •10% 
error.  Accordingly,  we  have  increased  Hui  and  Cool's  value  by  40%.  To 

obtain  kjJ,Q  at  6000  cm'^  we  multiplied  the  result  by  1/0.7  =  1.4,  by 

®  5 

analogy  with  the  continuum  quenching.  Golde  and  Kaufman's  data'^  also 

support  this  NO2/NO  IR  band  deactivation  ratio. 

1 3 

Next,  to  convert  from  kj^  to  kM(i,i-l)  we  use  the  relationship 


kul i , i-1 ) 


k^®/(1000  cm'l ( l/I)dI/dE) 


(M) 


where  (l/I)dI/dE  is  the  fractional  loss  of  combination  band  intensity  I  per 
unit  energy  loss,  evaluated  at  the  energy  E  corresponding  to  the  peak  of 
Che  emission  band.  Because  of  the  VJV3  scaling  of  the  combination  band 
Einstein  coefficients,  I  has  an  energy  squared  dependence;  thus,  (l/l)dl/di; 
=  2/E.  and  kvj(i,i-l)  =  k|J|'®E/ ( 2000  cm’M-  Since  E  is  takc^n  as  6000  cm’, 
corresponding  to  the  peak  of  the  NO  <■  O3  emission  at  3.6  p,  k|^(i,i-l) 
k|^(7,6)  = 
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2 .  O2  t  N2  t  3nQ  0^ 

For  ©2  and  N2,  Donnelly's  values  are  about  5  x  10'^^  cm^  molec"^ 

sec”^  For  Op,  kl'^  =  5.1  x  10”^^  as  measured  by  Hui  and  Cool.  k?,^  is  0.4 
l.T  “2  ,  N2 

of  k^'  ,  according  to  Golde  and  Kaufman.'*  The  corresponding  k|^(i,i-l)  values 

and  the  constants  a»^  and  b^j  were  then  derived  in  exactly  the  same  manner  as 

for  NO  and  NO2 . 

For  O3  there  are  no  accurate  deactivation  measurements.  Golde  and 
Kaufm.in  suggest  that  its  rate  constant  is  close  to  that  of  O2 .  so  for  the 
prcsc'nt  we  have  set  them  exactly  equal.  Fortunately,  the  exact  value  of 
the  rate  constant  for  O3  is  unimportant,  since  O3  is  always  a  minor 
const  i  tueuiV  . 


3  .  0  Atoms 

In  the  absence  of  data  on  NO2  vibrational  deactivation  by  0  atoms  this 
rate  constant  was  set  equal  to  the  NO  rate  constant.  Since  the  0  atom 
proportion  is  low  under  most  experimental  conditions  its  contribution  to 
the  total  deactivation  rate  is  usually  small.  However,  for  accurate 
modeling  of  NO2  chemiluminescence  in  the  upper  atmosphere  a  better  estimate 
may  be  needed . 

4  .  Discussion 

Tlie  relaxation  rate  constants  kM(  i .  i-l)  given  by  Eij .  (13)  are  plotted 
in  Fig  3  for  O2 .  N2  and  NO.  (The  NO2  rate  constant  is  1.4  times  the  NO 
rate  constant).  The  general  correctness  of  the  shapes  nf  these  curves  is 
supported  by  the  reasonably  good  agreement  with  t)ie  NOg  se  1  f -quencfi  i  ng 
measui  emi  Ills  of  Donnelly  and  Kaufman^'^  down  to  around  12000  cm”'.  Tlie 
kinks  at  9000  cm”'  are  caused  by  the  onset  of  excited  state  character.  It 
IS  likely  that  the  portion  of  these  curves  near  tlie  kinks  are  the  least 
accurate,  givi'n  possible  shortcomings  of  F.q ,  (13)  and  the  lack  of  data  in 
this  energy  region.  Indeed,  since  the  justification  for  Eq .  (13)  is 
somewhat  questionable,  we  were  concerned  that  the  shapes  of  these  curves 
may  be  somewhat  arbitrary.  To  get  a  feel  for  the  accuracy  of  Eq .  (13), 
several  alternative  functions  for  knl  i  .  i-l)  were  tried,  Including  a  power 


law  (k  -  E*^)  expression  for  E  >  10,000  cm"^.  and  an  SSII  (k  -  E)  expression 
for  E  <  10,000  cm"^.  The  results  alaost  always  agreed  with  Eq.  (13)  to 
within  a  factor  of  2  or  better.  Perhaps  a  more  convincing  case  to  be  made 
for  Eq .  (13)  is  that  it  yields  IR  band  spectra  (and  continuum  spectra  in 
Paper  II)  in  very  good  agreement  with  experiment. 

B.  Chemical  Reaction  with  0  Atoms 

A  major  pathway  for  removal  of  low  energy  NO2  population  in  the  NO  ♦  0 
system  is  reaction  with  atomic  oxygen.  For  the  ground  vibrational  level 
the  rate  constant  is  9.3  x  10"^^  cm^  molec”^  sec”^  at  room  temperature,^^ 
and  the  temperature  dependence  is  found  to  be  negligible.  The  negligible 
temperature  effect  suggests  little  dependence  on  internal  energy.  Tlius,  in 
initial  calculations  the  ground  vibrational  state  rate  constant  was  used  as 
the  value  x( i )  (see  Eq.  (1))  for  all  NO2  energies. 

On  the  other  hand,  if  Hul  and  Cool's  value  for  deactivation  of  NO  + 
0  +  emission  by  O2 .  5.1  x  10'^^  cm^  molec”^  sec”^,  is  accurate,  the 
30:1  rate  constant  ratio  measured  by  Golde  and  Kaufman  for  0  versus  O2 
deactivation  implies  an  NO2  +  0  rate  constant  about  SO'fe  higher  (1.5  x  10'^^ 
cm^  molec”^  sec'M  at  E  -  9000  cm"^  (corresponding  to  the  peak  of  the  NO  + 
0  emission).  In  our  final  calculations  this  increased  rate  constant  was 
incorporated  via  a  simple  linear  fit. 

x(i)  =  9.3x10'^2[i  6xlO'''’E(  i )  ]  .  (15) 

An  alternative  possibility  is  that  the  apparent  vibrational 
enhancement  of  the  removal  rate  by  0  atoms  reflects  vibrational 
deactivation  rather  than  chemical  reaction. 


C.  Kinetics  of  NO2  Formation 
1 .  The  NO  +  0  Reaction 


At  total  pressures  above  -1  torr  tiie 
activated  complex,  fgi 27 ) [NO] lO]  ,  equals  the 
ko^tNO]  [0]  [M]  .  Values  of  k3|^  consistent  with 
are  7.0  x  10'^^  cm®  molec”^  sec'^.  1.0  x  10'^^ 


rate  of  formation  of  the 
3  body  NO2  formation  rate 
the  latest  measurements^^ • 
cm®  molec”^  sec  ' .  and  11  x 
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10  cm  molec  sec  at  room  temperatui  e  for  M  =  O2 .  N2  ■  and  NO, 
respect ively . 

At  lower  pressures  one  must  include  the  radiative  contribution  to 
r[)(2").  Riven  by  a  bimolecular  rate  constant.  k2  •  As  discussed  by  Becker 
et  al.,^^  k2  and  k3nj  are  related  to  the  rate  constants  for  formation, 
relaxation,  dissociation  and  radiation  of  the  activated  complex.  Denoting 
the  { un imolecular )  dissociation  rate  constant  of  the  complex  as  k_j.  the 
bimolecular  relaxation  constant  as  km(27.26),  and  the  formation  rate 
constant  as  kj  .  we  have  k3j^  =  kjkj^( 27 , 26 ) /k_ j  .  Denoting  the  complex 
radiation  rate  as  kj,  =  1/t,  where  T  is  the  continuum  radiative  lifetime,  we 
have  k2  "  kjkj./k_j.  Thus.  ks^(27 ,26)  .  is  given  by  k3j^/(k2T),  where  T  =  60 
psec^^^^^'^'  and  k2  =  4.2  x  10"^®  cm^  molec”^  sec*^.^^  Finally,  using  the 


value  kj  -  3  x  10' 

O  «  r'  1 


molec  ^  sec  ^,39  one  obtains  k. 


1,4  X  10  ^ 


2.  The  NO  +  O3  Reaction 


As  mentioned  previously,  the  NO  +  O3  formation  rate  constants  Fq  (i) 

3 

were  sealed  lo  the  statistical  RRHO  probability,  dP/dE.  The  (i)  sum  was 
normalized  to  the  net  rate  constant.  1.8  x  10'^“^  cm^  molec' ^  sec'^  at  room 
temperature,^®  No  provision  was  explicitly  made  for  formation  of 
electronically  excited  NO2 .  NO2*.  Given  the  state-mixing  assumption 

incorporated  in  the  current  model,  all  states  formed  with  E  >  -10,000  cm' ^ 
emit  in  the  continuum,  and  are  therefore  implicitly  classified  as  NO2* . 
Further  discussion  of  NO2*  Is  reserved  for  Paper  II. 


V.  RESULTS  AND  DISCUSSION 

A.  Population  Distributions 

The  level  populations,  N02(l).  are  found  by  solving  Eqs .  (1).  Typical 
experimental  gas  mixtures  (mostly  O2  or  N2 ,  with  small  amounts  of  NO  and 
either  0  or  O3)  have  similar  deactivation  rates  for  mid-  to  high-energy  NO2 
levels,  so  the  bulk  of  the  NO2  population  distribution  is  not  very 


; ifc» *^*i ■»!§<**ifc»  »>,»  A.t  *«<  *•> 
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sensitive  to  the  exact  composition.  The  continuum  chemiluminescence  arises 


mainly  from  these  mid-  to  high-energy  levels,  and  therefore  tends  to  be 


insensitive  to  composition  for  a  given  reaction. 

At  low  NO2  energy  the  deactivation  rates  vary  considerably  with 
collision  partner,  so  the  populations  (and  IR  band  emissions)  depend 


strongly  on  the  gas  composition.  Furthermore,  in  the  NO  +  0  system  the 


N02(i)  populations  are  affected  by  the  reaction  with  atomic  oxygen.  This 
is  shown  in  Fig.  4,  which  displays  calculated  energy  level  distributions 


arising  from  the  NO  +  0  reaction  using  two  different  atomic  oxygen 


pressures  (0.09  and  0.009  torr)  with  2.3  torr  of  O2 .  At  the  higher  0  atom 
concentration  low  energy  levels  are  removed  and  the  energy  distribution  is 


"hotter" 


B.  NO  +  0  IR  Band  Emission 


1 .  Experimental  Data 


Several  v^+Vg  band  emission  spectra  from  the  0  +  NO  reaction  appear  in 
the  papers  by  Golde  et  al.'*-^  Fig.  2  of  Ref.  4  displays  two  low  resolution 
spectra  taken  with  2.3  torr  O2,  a  much  lower  pressure  (probably  ca .  0.03 
torr)  of  .NO.  and  two  different  (but,  unfortunately,  unspecified)  0  atom 
concentrations,  reported  to  be  in  a  10:1  ratio.  The  spectra  are  given  in 
arbitrary  units  after  dividing  by  [0][N0].  Also  sliown  in  the  figure  is  a 
portion  of  the  continuum.  The  accompanying  Fig.  3  shows  the  continuum 
labeled  with  absolute  units  (cm^  rnolec”^  sec~^  m' ^ ) •  Tlius ,  by  combining 
Figs.  2  and  3  of  Ref.  4  the  emission  intensity  can  be  placed  on  an 
absolute  basis.  The  only  unknowns  are  the  absolute  0  atom  concentrations. 


These  may  be  inferred  approximately  from  the  ratio  of  intensities.  -0.5:  1, 


in  going  from  high  to  low  atomic  oxygen,  combined  with  the  30:1  ratio  of 


rate  constants  for  quenching  by  0  and  O2,  respectively.^  The  low  and  high  0 


atom  concentrations  are  deduced  to  be  0.009  ±  0.001  torr  and  0.09  ±  0.01 


torr.  respectively,  corresponding  (not  accidentally)  to  our  Fig.  4. 


In  addition  to  the  spectra  in  Fig.  2,  Ref.  4.  a  more  detailed,  but 


relative,  spectrum  taken  under  high  0  conditions  (0.1  torr)  is  shown  in 


Fig.  1  of  Ref.  5.  Scaling  that  spectrum  according  to  Fig.  2,  Ref.  4  yields 


the  absolute  high  0  spectrum  sliown  in  our  Fig.  5. 
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2.  Model  Calculations 

Vj^Vg  spectra  calculated  using  the  Fig.  1  populations  and  the  Fig.  2 
components  are  shown  in  Fig.  5.  The  agreement  between  calculation  and 
experiment  for  the  high  0  case  is  remarkably  good.  The  small  discrepancy 
near  3.4  p  may  be  due  to  a  small  contribution  from  the  continuum  in  the 
experimental  spectrum.  The  calculated  low  0  spectrum  appears  to  agree 
equally  well  with  the  experimental  spectrum  in  Fig.  2.  Ref.  4.  although  the 
small  size  of  the  published  figure  makes  the  comparison  more  difficult. 

The  calculated  spectrum  is  shown  in  Fig.  6.  Unfortunately,  there 
is  no  reliable  experimental  data  for  this  band  to  our  knowledge.  As  with 
the  combination  band,  there  is  a  strong  red  shift  compared  to  the  "cold” 
spectrum.  Due  to  the  lack  of  experimental  data  on  vibrational  relaxation 
of  levels  liaving  E  <  -5000  cm“^,  the  blue  end  of  the  V3  spectrum  is 
probably  the  least  reliable.  This  problem  is  much  less  Important  with  the 
combination  band,  whose  intensity  falls  off  more  rapidly  towards  low 
energy . 

3 ,  Sources  of  Error 

The  remarkable  agreement  between  the  calculated  and  experimental  NO  ♦ 
0  Vj*V3  spectrum  .may  be  somewhat  fortuitous,  since  the  differences  are 
smaller  than  the  combination  of  experimental  error  and  uncertainty  in  the 
model.  The  O2  vibrational  deactivation  rate  constant  in  the  important  7000 
11000  cm"^  energy  region  may  be  uncertain  by  up  to  -50\  due  to 
experimental  error  in  Hui  and  Cool's  measurement  and,  perhaps  more 
importantly,  from  possible  error  in  our  method  of  extrapolation  (via  Eq . 
(13))  from  E  ^  6000  cm~^  to  higher  energy.  The  3-body  formation  rate 
constant  for  NO2  in  O2  may  have  an  experimental  error  of  up  to  20%. 
Finally,  the  Einstein  coefficients  are  probably  accurate  to  only  -25%. 

The  experimental  Vj*V3  spectrum  of  Golde  et  al.®  was  stated  to  have  an 
absolute  calibration  uncertainty  of  up  to  30%  Recent  evidence  suggests 
ttiat  the  uncertainty  may  be  greater  than  this.  An  absolute  measurement  of 
ttie  visible  and  near-IR  0  +  NO  continuum  by  Sutoh  et  al..'*®  which  agrees 
very  well  with  previous  results  In  the  visible  region,^  is  about  a  factor 
of  2  smaller  than  Golde's  at  1.3  p  where  the  two  studies  overlap.  The 
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continuum  shape  has  also  been  remeasured  by  Bradburn  el  who  find 
excellent  agreement  with  Sutoh.  If  the  discrepancy  at  1,3  m  also  holds  for 
the  Vj+Vg  band  one  would  conclude  that  Golde's  measurements  (as  well  as  our 
model)  overestimate  the  true  band  intensity  by  a  factor  of  2.  On  the  other 
hand,  if  the  discrepancy  pertains  only  to  the  continuum,  Golde's  band 
intensities  would  presumably  be  accurate  to  within  the  stated  30\. 

C.  NO  +  O3  IR  Band  Emission 
1.  Experimental  Data 

The  v^  +  Vg  spectrum  arising  from  the  NO  +  Og  reaction  is  shown  in  Die 
papers  by  Golde  and  Kaufman®  and  Clough  and  Thrush®  in  relative  units.  It 
is  similar  in  shape  to  the  NO  +  0  spectrum  but  peaks  somewhat  bluer,  at 
around  3.6  p.  Band  intensities  were  reported  as  a  ratio  of  the  total 
continuum  emission;  these  ratios  are  0.7  in  20  mtorr  of  NO  with  trace  Og® 
and  5.3  ±  1.  in  0.2  torr  of  Ar  with  trace  Og  and  NO.®  The  ratios  may  be 
converted  to  absolute  v^+Vg  intensities  using  the  known  continuum  intensity 
I,  given  by2 

I  =  Io[NO][Ogl/([M]  *  Pj/g)  (16) 

where  Ig  and  Pj/g  are  respectively  the  intensity  factor  and  half-qufncliing 
pressure  for  buffer  gas  M.  The  Vj*Vg  band  intensity  1^  may  be  written 

ly  =  kv(N0][0g]  (17) 

where  k^  is  constant  for  a  specific  buffer  gas  and  pressure.  Using 
appropriate  values  for  Ig  and  P^/g  (from  Ref.  2  and  Paper  II)  and  the 
observed  I^/I  ratios,  k^  is  calculated  to  be  1.5  x  10"^®  cm®  molec"^  sec"^ 
for  20  mtorr  NO  and  3.1  x  10"^®  cm®  molec”^  sec~^  for  0.2  torr  Ar. 

The  Vg  band  lias  not  been  studied  in  detail,  although  Clough  and  Thrush® 
report  that  it  is  roughly  8  limes  more  intense  than  the  Vj»Vg  band  in  20 
mtorr  SO. 


Model  Calculation 


I 


Vj^Vj  intensity  calculations  were  performed  for  the  above  two 
experimental  conditions.  Since  Ar  was  not  one  of  the  quencher  eases 
included  in  the  current  model,  the  0.2  torr  Ar  was  modeled  using  0.1  torr 
N2.  based  on  the  2;1  ratio  of  N2/Ar  quenching  rates. ^  The  k^,  values  were 
found  to  be  1.6  x  10”^®  and  3.4  x  10”^®  cm^  molec”^  sec"^  for  the  20  mtorr 
NO  and  0.2  torr  Ar  conditions,  respectively,  in  remarkable  agreement  with 
tlie  experimental  values  in  the  previous  section. 

A  second  set  of  calculations  was  performed  which  assumed  that 
vibrational  emission  is  quenched  with  unit  efficiency  at  the  vessel  walls. 
This  was  done  by  introducing  first-order  removal  rate  constants  of  450  and 
GOO  sec  ^  for  the  20  mtorr  NO  and  0.2  torr  Ar  conditions,  respectively, 
based  on  estimated  diffusion  coefficients  and  the  known  vessel  diameters. 
Tfiis  resulted  in  k^  values  of  1.3  x  10'^®  and  1.8  x  10“^^  cm^  molec'^ 
sec'^,  respectively.  While  the  latter  intensity  seems  a  bit  too  low. 
better  agreement  with  experiment  would  be  achieved  by  normalizing  the  VJ+V3 
Einstein  coefficients  to  the  band  strength  measurement  of  Shafer  and 
Young.  which  is  25%  higher  than  what  the  model  currently  assumes  (see 
Sec.  III). 

The  calculated  ratio  of  V3  to  VJ  +  V3  intensity  is  16  in  the  first 
calculation  (no  wall  quenching)  and  13  in  the  second  (with  wall  quenching) 
for  the  20  mtorr  NO  condition.  Using  the  Shafer  and  Young  V2-V3  band 
intensity,  the  ratios  drop  to  12  and  10.  respectively.  The  latter  '’aloes 
agree  especially  well  with  the  measured  value  of  8. 

The  shapes  of  experimental^  and  calculated  V2+V3  spectra  are  compared 
in  Fig.  7.  The  agreement  is  fairly  good,  although  somewhat  inferior  to  the 
NO  +  0  spectrum;  the  calculated  spectrum  is  too  blue,  especially  when  wall 
qu('nching  is  omitted.  This  discrepancy  probably  contributes  to  the 
overestimation  of  the  V3  to  V2+V3  intensity  ratio. 

3.  Sources  of  Error 

The  probable  errors  in  the  NO  +  O3  JR  band  calculation  are  similar  to 
those  in  the  NO  +  0  calculation.  An  additional  source  of  uncertainty 
arises  from  the  initial  state  distribution,  which  is  based  on  a  statistical 
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RRIIO  i).i  rnmctcr  i  zn  I  i  on  of  classical  traject’ory  calculations.  and  is 
therefore  somewhat  speculative.  Furthermore,  comparison  of  calculation  and 
experiment  Is  complicated  by  the  lack  of  information  on  vibrational 
quenchinj;  at  the  vessel  walls.  Given  these  uncertainties,  the  model's 
performance  is  quite  good.  Further  experimental  work  to  clarify  the  NO2 
initial  state  distribution  and  vibrational  quenching  properties  would  be 
very  helpful . 


VI.  IR  EMISSION  AT  LOW  PRESSURES 

Little  experimental  Information  Is  available  on  NO2  IR  emission  at  low 
pressures  (below  -0.1  torr).  The  Vg  and  band  intensities  wore 
calculated  with  the  current  model  from  2  mtorr  to  1  torr,  assuming  trace 
reagents  in  O2  and  N2  buffer  gases.  The  Vj*V3  intensity  (photon;;.'cm‘^-sec ) 
was  converted  to  a  second-order  rate  constant  by  dividing  by  [N0][0]  for 
the  NO  +  0  reaction  (see  Fig.  0)  and  [N0](03]  for  the  NO  *  O3  reaction  (see 
Fig.  9).  The  calculated  V3/(i'j'^V3)  intensity  ratio  is  10  -  11  for  the  NO  + 
0  reaction  and  15  -  10  for  the  NO  *  O3  reaction  over  this  pressure  range. 

We  now  consider  the  question  of  the  pressure  range  over  which  the 
calculation  can  be  trusted.  The  model's  key  assumption  is  cquiparti t ion  of 
vibrational  and  electronic  energy,  which,  although  not  directly  proved,  has 
led  to  reasonable  agreement  with  experimental  results  at  pressures  of  20 
mtorr  and  above.  At  these  pressures  energy  loss  is  governed  mainly  by 
collislonal  processes.  At  lower  pressures  radiation  provides  an 
increasingly  important  relaxation  pathway.  To  the  extent  that  radiative 
relaxation  is  vibrational-mode-specific,  and  occurs  faster  than 
mode-scrambling  processes,  the  current  model  would  need  revision.  For  the 
continuum  radiation,  mode-specificity  Is  probably  an  unimportant  factor  due 
to  the  extensive  collision  free  mixing  of  the  electronic  states,  and  the 
fact  that  electronic  transitions  conserve  kinetic  energy.  However,  after 
tiie  continuum  emission  is  complete,  the  remaining  vibrational  energy  (about 
•oOOO  -  6000  cm‘^,  divided  roughly  equally  among  the  three  vibrational 
modes)  radiates  in  a  very  mode-specific  way,  i.e.,  via  the  strong  V3  band. 
Whereas  the  current  model  predicts  that  at  the  lowest  pressures  nearly  all 
of  this  vibrational  energy  is  radiated  in  Vg.  it  may  be  more  realistic  to 
assume  that  the  V3  mode  is  capable  of  radiating  little  more  than  the  1/3  of 
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this  energy  which  it  initially  possesses,  while  the  remaining  2/3  is  mainly 
quenched  or  radiated  in  Vj  and  V2  bands.  Thus,  to  predict  NO2  IR  emission 
at  the  low  pressures  typical  of  the  upper  atmosphere  it  would  be  best  to 
use  a  model  which  treats  each  vibrational  mode  separately. 


VII.  SUMMARY 

A  k i no t ic/spec t roscopi c  model  has  been  derived  for  NO2  vibrational 
band  emission  in  the  NO  *  0  and  NO  +  0-^  reactions  at  room  temperature.  The 
and  IR  band  spectra  were  calculated,  and  the  latter  spectrum  was 

found  to  agree  remarkably  well  with  experimental  data.  The  agreement 
supports  the  essential  validity  of  the  model's  assumptions,  in  particular, 
equipai' t i I j on  of  energy  among  vibrational  and  electronic  degrees  of 
freeriom.  The  calculated  vibrational  energy  distributions  will  be  useful 
for  predicting  tlic  NO2  continuum  emission  as  well  (see  Paper  II).  Finally, 
this  model  can  serve  as  a  starting  point  for  calculations  applicable  to  a 
wider  range  of  conditions,  such  as  those  found  in  the  upper  atmosphere. 
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Figure  2. 

Figure  3. 

Figure  A  . 

Figure  5. 

Figure  6. 

Figure  7. 

Figure  0. 

Figure  9. 


Model  NO2  Vg  band  spectral  components  for  different 
excitation  energies,  E.  From  left  to  right,  E  =  3000, 

r.OOO,  9000,  12000,  and  15000  cm"^. 

Model  NO2  Vj band  spectral  components  for  different 
excitation  energies,  E.  From  left  to  right.  E  =  3000, 

ROOO,  9000,  12000.  and  15000  cm" ^ . 

Model  rate  constants  for  NO2  vibrational  deactivation 
(per  1000  cm"^  removed). 

Calculated  NO2  popiilatlon  distributions  for  a  mixture  of 
2.3  torr  O2 .  0.03  torr  NO,  and  two  different  atomic 

oxygen  concentrations:  0.09  torr  (high  0)  and  0.009  torr 
(low  0 ) . 

Calculated  and  experimental  (see  text)  NO  +  0 

spectrum  for  the  conditions  of  Fig.  4. 

Calculated  NO  +  0  V3  spectrum  for  the  conditions  of  Fig. 
4  . 

Calculated  and  experimental  (Ref.  5)  NO  *  O3 

spectrum  for  a  mixtuie  of  0.24  torr  Ar.  0.013  torr  NO, 
and  0.040  torr  O3 .  The  experimental  spectrum  was  scaled 
to  match  the  calculation. 

Calculated  second  order  rate  constant  for  V3^V3  emission 
from  the  NO  *  0  reaction  in  O2  and  N2  buffer  gases. 

Calculated  second  order  rate  constant  for  V|-‘V3  emission 
from  the  NO  *  O3  reaction  in  O2  and  N2  buffer  gases. 
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TABLE  I.  VIBRATIONAL  DEACTIVATION  PARAMETERS  FOR  EQS .  (13a)  AND 
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Species 


NO 

1 .2 
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10-19 

6.3 
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10-19 

NOp 

1  .r, 
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10-19 

to 

0 
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10-19 
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02 

Np 

2 . 6 

X 

0 

1 

ro 

0 

6.3 

X 

10-19 
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THE  NO  +  0  AND  NO  +  O3  REACTIONS:  II.  ANALYSIS  OF  NO2 

CONTINUUM  CHEMILUMINESCENCE 

Adler  Golden.  Steven  M. 

Spectral  Sciences,  Inc.,  Ill  So.  Bedford  Street.  Burlington,  MA  01803 

Tlie  NO2*  continuum  chemiluminescence  from  the  NO  *  0  and  NO  *  O3 
re.actions  is  simulated  using  the  model  presented  in  the 
accompanying  paper.  The  model's  accuracy  is  supported  by  the 
good  agreement  between  calculated  and  experimental  NO  ♦  0 
continuum  spectra.  A  calculation  of  .NO  +  O3  chemiluminescence 
assuming  reaction  on  the  ground  electronic  potential  energy 
surface  alone  is  found  to  give  surprising  agreement  with 

exiierimental  data  on  the  continuum  shape,  absolute  intensity, 
ha  1 f -quenching  pressure,  and  activation  energy.  This  finding 
contradicts  the  popular  hypothesis  that  NO2  is  formed  in  the  NO 
^  O3  reaction  via  an  excited  electronic  channel. 


I,  INTRODUCTION 

The  N02*  visible/noar-IR  "continuum"  emission  has  been  the  subject  of 
numerous  experimental  and  theoretical  studies  due  to  its  usefulness  in  the 
laboratory  as  well  as  its  importance  as  a  source  of  atmospheric  radiation. 
Considerable  progress  has  been  made  through  the  years  in  understanding 
excitation  mechanisms,  kinetics  and  spectroscopy  of  NO2* .  Without 
attempting  a  complete  literature  survey,  we  note  several  important  papers 
which  discuss  NO2*  chemiluminescence  (from  the  NO  *  0  reaction.  Refs..  1-4, 
and  the  NO  +  O3  reaction.  Refs.  5-9),  NO2*  kinetics  (Refs.  10,  11).  NO2* 
spectroscopy  (Refs.  12  15),  and  NO2  electronic  structure  (Refs.  16-19). 

Tlie  NO  +  0  -->  NO2*  chemiluminescence  has  previously  been  modeled  with 
reiisonable  success  in  the  visible  region  using  a  simple  vibrational  level 
stcpladder  scheme. In  the  accompanying  paper^^  (Paper  I)  an  improved 
and  extended  stepladder  model  was  developed  for  predicting  NO2  IR  band 
chemiluminescence  from  that  reaction  as  well  as  the  NO  O3  re.ictlon.  Tl>e 
model,  which  assumes  complete  vibrational  and  electronic  energy  mixing, 
yields  good  agreement  with  observed  vibrational  band  shapes  and  factor-of-2 
or  better  agreement  in  absolute  intensity. 
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In  Paper  I  the  NO2  continuum  emission  was  not  discussed,  although  it 
was  included  as  a  relaxation  mechanism.  An  expression  representing  the 
continuum  spectrum  was  given  without  proof.  The  purpose  of  the  present 
paper  is  to  derive  the  continuum  expression,  and  to  further  valid.ite  llie 
model  as  a  whole  (and.  in  particular,  the  assumed  NO2  nascent  distrihuliun 
from  the  NO  ^  O3  reaction)  by  comparing  the  calculated  continuum  .spectrum 
with  experimental  measurements. 

A  brief  derivation  of  the  continuum  model  is  given  in  Sec.  II.  In 
Sec.  Ill  NO  +  0  continuum  chemiluminescence  is  modeled  over  a  wide  range  of 
pressures  (ratorr  and  above)  and  wavelengths  (0. 4-3.0  m)  Good  agreement  is 
obtained  witli  experimental  measurements  of  the  spectrum  in  both  low  and 
high  pressure  limits.  Having  demonstrated  the  reasonableness  of  the 
continuum  model,  we  turn  to  the  NO  +  O3  reaction  in  Sec.  IV.  Continuum 
chemiluminescence  from  this  reaction  is  calculated  assuming  (as  in  Paper  I) 
reaction  on  the  ground  electronic  potential  energy  surface  alone. 

As  it  has  been  generally  believed  that  NO2*  is  formed  in  the  NO  +  O3 
reaction  via  a  separate,  excited  electronic  channel,^'®  the  calculation  was 
not  expected  to  replicate  the  experimental  measurements.  To  our  surprise, 
remarkably  good  agreement  was  found.  The  calculation  even  explains  the 
conflict  between  two  experimental  studies  (Clough  and  Thrush®  and  Schuratl), 
Lippmann  and  Jesser^)  of  the  chemiluminescence.  It  is  concluded  that 
reaction  on  the  ground  electronic  potential  energy  surface  provides  the 
dominant,  if  not  the  sole,  source  of  NO2*. 

Although  this  paper  deals  only  with  chemiluminescence,  the  continuum 
model  may  also  be  applied  to  NO2*  emission  excited  by  optical^®’ or 
thermal^^  means. 


II.  DESCRIPTION  OF  THE  MODEL 


A.  Background 


Details  of  the  model,  except  those  dealing  with  the  continuum 
spectrum,  are  discussed  in  r.ipcr  I.  The  NO2  "states"  consist  of  a 
stepladder  of  levels,  N02(i).  i  1-27.  at  1000  cm"^  energy  intervals,  each 
level  representing  the  set  of  actual  states  whose  electronic  plus 


vibralional  energy  rounds  lo  E  =  lOOO(i-l),  Rotational  energy  is  assumed 
to  be  equilibrated  with  the  translational  temperature.  Associated  with 
each  level  are  (1)  second-order  rate  constants  for  collisional  transfer 
from  level  i  to  level  j,  k(i.j),  for  removal  via  chemical  reaction  with  0 
atoms,  x(i),  and  for  formation  via  chemical  reaction,  f(i),  and  (2)  first 
order  rate  constants  for  radiation  from  level  i  to  level  j,  r(i,j),  and  for 
quenching  at  the  vessel  wall,  In  the  case  of  the  NO  *  0  reaction,  NO2 
formation  occurs  via  an  activated  complex,  taken  as  level  i  =  27 ,  which 
subsequently  relaxes  to  form  stable  NO2  levels  (i  =  In  the  case  of 
the  NO  O3  reaction,  stable  NO2  is  formed  directly;  the  nascent 
distribution  f(i)  is  taken  as  a  statistical  RRHO  vibrational  distribution. 

Explicit  expressions  for  the  room  temperature  rate  constants  are  given 
in  Paper  I.  where  a  variety  of  collision  partners  (N2.  O2 .  NO,  NO2 .  O3 ,  0) 
were  considered.  In  the  steady  state  the  model  yields  simultaneous,  linear 
equations  which  are  solved  for  the  N02(i)  number  densities.  The  N02(i) 
densities  are  combined  with  spectral  functions,  corresponding  lo  r(i,j),  to 
yield  the  continuum  and  IR  band  spectra. 

The  radiative  rate  constants  are  given  by 

rl  i  .  j )  =  r3(  i  ,  j  )  -  rjgl  i  .  j)  +  rj,(i ,  j)  ,  ( I  ) 

where  r3  and  rj3  are  the  V3  and  V2+V3  infrared  band  contributions  and  r^,  is 
the  continuum  contribution.  Expressions  for  the  first  two  terms  were 
(1.. rived  in  Paper  I.  The  continuum  contribution  may  be  written  as 

rj,(i,j)  =  Ij,(E)(1000  cm"’).  (2) 

where  Iy(E)  is  the  absolute  rate  constant  for  continuum  emission  per 
frequency  interval  (in  units  of  sec"’  per  cm"’)  associated  with  e^oitation 
energy  E,  and  v  =  E(i)-E(j)  in  cm"’.  A  suitable  formula  for  Iy(E)  is 
derived  below. 

B.  Continuum  Spectral  Model 

Previous  models^  employed  a  smooth,  empirical  spectral  function 
which  was  shifted  on  the  frequency  scale  in  accordance  with  the  excitation 
energy;  i.e.,  a  1000  cm"’  energy  loss  was  assumed  to  shift  the  entire 
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spectrum  by  1000  cm~^  to  the  rod.  Such  an  approach  is  not  theoretically 
rigorous,  and  is  expected  to  work  poorly  at  low  excitation  energies  and 
long  wavelengths.  Here,  an  improved  spectral  model  is  developed  based  on 
Franck-Condon  arguments.  It  is  assumed  that  the  continuum  emission  arises 
from  the  ^82  state,  whose  energy  levels  are  completely  mixed  with  those  of 
the  ^Aj  ground  state. 

First,  ly  is  written  in  the  Condon  approximation  as  the  product  of  a 
squared  overlap  integral  (whose  meaning  will  he  clarified  below),  a 
factor,  a  factor  X  denoting  fractional  excited  state  ctiaracter,  and  a 
multiplicative  constant  C: 

I^{E)  =  Cv3s2{E,v)X(E) .  (3) 

Since  is  unit  normalized  in  wavenumber  v,  integrating  Eq .  (3)  over  v 

yields  the  relationship  between  the  continuum  lifetime  and  the  average 
value  of  v^. 


l/Tj,(F.)  =  C<v3>X(E) 


C  may  be  determined  from  the  strength  of  the  absorption  spectrum. 
According  to  Donnelly  and  Kaufman's  analysis, a  Dorn-Oppenheimer  (X  =  ]) 
lifetime  t^q  of  1.5x10'®  sec  corresponds  to  <v^>  =  (15400  cm~^)'^.  yielding 
C  =  1.8x10'^  cm^/sec . 

An  approximate  expression  for  X  is 


X(E)  = 


l*R(E‘En)^/(E>En-E„)2 


where  Eg  is  the  ^82  electronic  origin,  Eq  is  the  vibrational  zero  point 
energy,  and  R  is  the  ratio  of  rotational  state  densities  in  the  ground  and 
excited  electronic  states.  Eq .  (5)  was  derived  using  semiclassical  rigul 

rotor  harmonic  oscillator  (RRHO)  densities  of  states  with  equal  vibrational 
frequencies  in  the  two  electronic  states.  For  a  rigid  rotor  the  rotational 
density  of  states  scales  with  the  rotational  constant  B  as  Using 

experimental  and  theoretical  B  values  (0.434  cm'^  for  ^Aj,^'^  0.548  cm“^  for 
R  =  1.4.  As  in  Paper  1.  approximate  values  for  the  remaining 


parameters  are  Eq  =  1800  cm  *  and  E, 


10.000  cm' 


V-  V 
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Tlio  next  step  is  the  determination  of  a  suitable  expression  for  llu* 
conlinuum  Frnnck -Condon  integral.  .  The  emitting  "level"  is  actually  a 
statistical  mixture  of  individual  states  with  energy  E,  whose  vibrational 
I'Togressions  superimpose  to  give  the  appearance  of  a  continuous  spectrum. 
Thus,  we  define  as  the  Franck -Condon  integral  averaged  over  the  emitting 
states.  Since  our  aim  is  to  reproduce  the  smooth  continuum  envelope, 
without  worrying  about  the  contributions  of  individual  bands,  a  rather 
crude  model  for  S^  will  suffice. 

We  note  that  the  ^^2  "  spectrum  is  dominated  by  progressions  ir\  a 
single  normal  mode,  the  bending  coordinate  The  envelope  may 
therefore  be  approximated  with  displaced  harmonic  oscillators  in  a  single 
active  mode,  with  the  remaining  modes  inactive'.  Using  a  Jirieai' 
approximation  to  the  difference  potential  along  g2 ,  the  and  ^U2 
oscillator  frequencies  are  taken  as  equal.  Next,  the  average  over  all  3 
vibrational  modes  is  performed.  This  averaging  should  enable  a  classical 
treatment  to  reasonably  approximate  the  quantum  mechanical  solution,  since 
jt  removes  the  classical  singularities  at  the  vibrational  turning  points 
(see  Eq .  (A3)  in  Appendix  A).  The  classical  approach  has  the  advantages  of 
yielding  a  smooth  spectrum  and  a  simple,  analytical  formula.  As  ahowii  in 
Appendix  A.  the  classical,  mode-averaged  is  given  by 


s2(E,v)  =  48a^/2[E„,.-  r  c  )3]_ 


where  Av  =  v-Vq,  Vq  is  the  wavenumber  of  the  Franck-Condon  maximum,  and  a 
is  a  parameter  related  to  the  relative  displacement  between  the  two 
osc  i  1  labors . 

The  above  expression  should  work  quite  well  for  the  visible  portion  of 
the  continuum.  However,  in  the  near  IR  this  simple  model  may  break  down, 
since  some  emission  in  this  region  can  arise  from  vertical  transitions  in 
the  vicinity  of  the  avoided  crossing  with  the  ground  state.  (For  details 
of  NO2  potential  energy  surfaces  see  Refs.  16-19).  From  the  diabatic  point 
of  view,  a  portion  of  the  ^82  state  lies  slightly  below  ttie  ground  (^Aj) 
stale;  therefore,  emission  can  also  occur  via  ^Aj  -->  ^82-  This  component, 
which  should  be  most  important  in  the  near  IR,  would  need  to  bo  added  to 
the  above  expression.  Alternatively,  In  the  adiabatic  description,  the 
upper  state  origin  En  is  interpreted  as  the  adiabatic  minimum,  i.e.,  the 


apex  of  the  conical  intersection  which  comprises  the  crossini;  region.  In 
this  case  one  regards  the  potential  surfaces  as  highly  anharmonic,  and 
therefore  not  very  amenable  to  the  above  simple  treatment. 

While  ultimately  one  should  aim  for  a  theory  which  accounts  for  these 
effects,  for  the  present  they  are  circumvented  by  treating  Eq .  (G) 
empirically,  fixing  its  parameters  in  accordance  with  observed  spectra. 

For  high  excitation  energies  and  short  wavelengths  the  spectrum  is  not 


very  sensitive  to  the  values  of  Vf,  and  E„.  but  it  is  quite  sensitive  to  tin 


value  of  o,  which  determines  the  breadth  of  the  spectrum.  The  spectrum 


arising  from  energies  near  the  excited  state  origin  E  is  much 


sensitive  to  Vq  and  Eg.  Tlie  value  Vq  =  4000  cm'^  was  chosen,  baseii  on  the 
observed  NO  +  O3  chemiluminescence  spectrum,®  since  this  spectrum  arises 
mainly  from  low-lying  energy  levels.  We  have  set  E^-Eq  =  9000  cm~^,  which 
is  close  to  the  value.  8200  cm~^ .  predicted  using  the  estimate  Eg  =  10,000 
cm”^ .  (The  difference  was  mainly  for  convenience  and  should  not  he 


considered  significant.)  Finally,  the  value  a  =  3.4x10  cm  was  chosen  to 
give  the  correct  peak  wavelength  in  simulated  NO  <  0  and  laser- induced 
fluorescence^^  spectra. 


The  continuum  lifetimes  (Eq.  (4))  calculated  with  the  above  parameter 
values  showed  the  proper  dependence  on  excitation  energy  E  when  compared 
with  exper iment , ^ ^  but  were  consistently  about  a  factor  of  2  too  short. 
The  model  was  therefore  corrected  empirically  by  multiplying  the  right  hand 
side  of  Eq .  (3)  by  a  "fudge  factor."  Considering  the  approximations  used  in 
the  model  (the  Condon  approximation,  harmonic  1-dimensional  potentials. 
RRKO  state  densities,  classical  mechanics),  this  lifetime  discrepancy  is 
understandable.  Taking  the  "fudge  factor"  ns  exactly  0.5  le.ads  to 
lifetimes  (shown  in  Fig.  1)  wliich  are  a  compromise  between  two  sets  of 
experimental  data  (Tq^  and  (TqL^  Ref.  10)  believed  to  represent  uppiM’ 
and  lower  limits.  It  should  be  cautioned  that  since  the  lifetime  data 
extend  down  to  only  E  -15000  cm~^.  at  lower  energies  we  are  forced  to  be 
totally  at  the  mercy  of  the  model's  extrapolation  ability. 

The  continuum  spectrum  Iy(E)  is  plotted  in  Fig.  2  for  excitation 
energies  E  =  13000,  16000,  19000,  22000,  and  25000  cm'^.  Inspection  of 
Fig.  2  reveals  that  the  dependence  of  the  spectrum  on  excitation  energy  is 
described  fairly  well  by  a  simple  frequency  shift  only  near  the  blue  end  of 
the  spectrum.  Since  the  spectrum  gets  narrower  at  lower  excitation  energy. 
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the  shifl  of  the  peak  is  considerably  less  than  the  chance  in  excitation 
energy  (about  2/3  as  great).  This  phenomenon  is  a  general  feature  of 
electronic  spectra  and  not  simply  an  artifact  of  the  model. 

Tlie  2:3  ratio  of  spectral  shift  to  excitation  energy  affects  the 

p  11  p  n 

interpretation  of  NO2*  relaxation,  since  previous  studies'^  ■ ^ assumed  a 
1:1  ratio.  The  consensus  of  those  st»idies  was  tliat  NO2*  loses  about  1000 
cm' ^  per  deactivating  collision;  the  current  model  implies  that  the  correct 
value  is  closer  to  1500  cm”^ ,  as  assumed  in  Paper  I.  Further  confirmation 
of  this  value  is  provided  by  the  calculation  of  the  NO  +  0  continuum 
spectrum,  as  discussed  in  Sec.  III. 

In  the  following  sections,  we  compare  model  calculations  using 
with  experimental  measurements  of  the  NO2  continuum. 

III.  NO  +  0  CONTINUUM  EMISSION 

A.  The  High  Pressure  Limit 

At  high  pressures  (above  *1  tore)  a  limiting  NO2  energy  level 
distribution  is  achieved  for  a  given  buffer  gas  which  depends  solely  on  the 
vibrational  relaxation  kinetics.  Assuming  that  the  kinetic  model  (given  in 
Paper  I)  is  accurate,  a  comparison  of  calculated  and  observed  spectra 
providers  a  direct  test  of  the  NO2*  continuum  model. 

The  calculated  high  pressure  spectrum  in  O2  buffer  gas  at  room 
temperature  is  depicted  in  Fig.  3.  Using  N2  buffer  gas  the  results  are 
essentially  the  same  except  for  a  slight  increase  in  absolute  intensity, 
which  results  from  the  larger  3-body  formation  rate  assumed  by  the  model 
(see  Paper  I).  This  increase  is  consistent  with  measurements  by  Becker. 
Croth  and  Thran^  and  Vanpee,  Hill  and  Kineyko.^^  The  experimental 
ineasuromonts  in  Fig.  3  are  by  Sutoh,  Morioka  and  Nakamura'^  in  the  visible 
and  near  IR,  and  Goltle,  Roche  and  Kaufman^®  in  the  IR. 

A  brief  discussion  of  the  experimental  measurements  is  in  order. 
Sutoh’s  spectrum  agrees  very  welJ  with  t)ie  generally  accepted  work  of 
Fontijn,  Meyer  and  Schiff^  except  in  the  IR,  where  Fontijn's  sensitivity 
dropped  off.  It  is  clear  from  Fig.  3  that  Sutoh's  and  Golde's  results  are 
not  very  compatible,  as  they  differ  by  a  factor  of  2  in  the  near  IR.  Sutoli 


rationalized  the  difference  by  invoking  the  presence  of  ozone  in  C'loiilij's 
flow  system,  lending  to  NO  +  O3  emission,  but  tliis  argument  docs  not 
explain  the  magnitude  of  the  discrepancy,  and  indeed  Golde  explicitly  ruled 
out  ozone  as  a  significant  source  of  emission.  An  attempt  to  settle  the 
dispute  using  additional  measurements  proves  only  more  frustrating;  the 
work  of  Bradburn,  Lilenfeld  and  Nt^isler^^  supports  Sutoli's  spectrum,  while 
Vanpee's  work  supports  Golde's.  Of  course,  it  must  be  borne  in  mind  that 
the  experimental  conditions  were  different  in  different  studies,  both  with 
respect  to  buffer  gas  (Sutoh  worked  mainly  with  N2.  Golde  and  Bradburn  used 
O2.  Vanpee  used  both  and  had  rather  high  NO  concentrations)  and  temperature 
(Vanpee's  measurements  were  mainly  at  360  K) .  On  the  other  hand,  according 
to  Vanpee  none  of  these  conditions  significantly  affect  the  spectral  shape. 
Finally,  one  must  consider  the  possibility  of  absolute  calibration  error  in 
these  measurements  (about  30'k'*'^^’). 

The  model  calculation  is  found  to  agree  extremely  well  with  Sutoh 's 
(and  Fontijn's)  spectrum  in  the  visible  and,  interestingly,  yields  a 
compromise  between  Sutoh  and  Golde  in  the  disputed  near  IR  region  which 
turns  out  to  be  very  close  to  Vanpee’s  spectrum.  Althougli  the  model 
calculation  is  not  accurate  enough  to  favor  or  disfavor  a  particular 
measurement,  it  can  be  said  that  the  model  agrees  with  available  data  to 
within  experimental  uncertainty  at  most  wavelengths. 

The  good  agreement  in  absolute  chemiluminescence  intensity  as  well  as 
spectral  shape  indicates  that  the  model  N02(l)  relaxation  rates  are  of  tlie 
correct  magnitude  relative  to  the  emission  rates  1/Tj,(i).  These  relaxation 
rate  constants  are  actually  per  1000  cm'^  energy  loss,  and.  as  explained  in 
Paper  I,  were  derived  from  experimental  values^^  by  multiplying  by  1.5  in 
accordance  with  the  energy  loss  estimate  of  1500  cm“^  per  deactivation 
event.  Had  the  loss  been  taken  as  1000  cm”^  the  calculated  spectral 
intensity  would  have  been  50%  higher,  in  poorer  agreement  with  experiment. 

B.  The  Low  Pressure  Limit 

In  the  low  pressure  limit  the  NO  +  0  reaction  proceeds  by  2  body 
radiative  recombination,  and  the  sp«;ctrum  arises  mainly  from  the  activated 
complex.  An  advantage  of  analyzing  the  low  pressure  spectrum  is  its 
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independence  from  collisional  processes.  A  disadvantnce  is  that,  in  the 
absence  of  collisions,  energy  mixing  may  be  incomplete,  which  would  make 
the  continuum  model  inaccurate. 

The  calculated  low  pressure  spectrum  is  shown  in  Fig.  4.  The  kinetic 
parameters  governinp  the  formation  and  decay  of  the  activated  complex, 
described  in  Paper  I,  determine  the  absolute  intensity;  the  particular  set 
of  parameters  used  had  been  chosen  to  give  an  intensity  close  to  Decker  et 
al.'s  measurement,  4.2x10'^®  cm®  molec'^  sec”^.®  The  "experimental" 
spectra  were  derived  by  combining  the  "fall-off  ratios"  measured  by  Decker 
et  al  .  and  Cody  and  Kaufman,  tabulated  in  Ref.  3,  with  Sutoh's  high 
pressure  spectrum.  The  important  comparison  is  the  spectral  shape,  where 
the  model  is  seen  to  agree  quite  well  with  the  measurements,  particularly 
Becker's.  Assuming  that  the  agreement  is  not  accidental,  energy  mixing 
appears  to  be  reasonably  complete  in  the  complex. 


C.  Conclusions 

Tlic  good  agreement  between  calculated  and  observed  NO  +  0 
chemi luminescence  spectra  bolsters  confidence  in  both  the  continuum  model, 
Eqs.  (3)-(G),  and  the  kinetic  model  developed  in  Paper  I.  The  agreement  is 
especially  clear-cut  in  the  visible  region.  Further  refinement  could  be 
achieved  with  additional  data  on  the  continuum  spectral  shape  and 
intensity,  radiative  lifetimes,  and  quenching  rates,  particularly  in  the  IR 
where  both  model  and  observations  are  most  uncertain. 


IV.  THE  NO  +  O3  REACTION 
A.  Background 

SO2  formed  from  the  reaction  of  NO  with  O3  emits  continuum  and  IR  band 
chemiluminescence  which  is  qualitatively  similar  to  that  from  the  NO  »  0 
reaction,  although  as  a  result  of  the  reduced  exoergirity  the  continuum  is 
shifted  to  the  red.  Detailed  gas  phase  measurements  of  the  shape,  absolute 
intensity.  temperature  dependence,  and  quenching  kinetics  of  the 
chemiluminescence  were  performed  by  Thrush  and  co-workers® • ® in  the 
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1960's.  One  of  their  key  findincs  was  that  the  N02* 
which  appeared  to  account  for  a  small  fraction  of  the  NO2  formed  (about 
0.06,  using  recent  measurements  of  the  total  formation  rate^).  has  a  *1.8 
kcal/mole  higher  activation  energy  than  the  total  formation  rate.  Tliis  led 
to  the  hypothesis  that  NO2  and  NO2  are  formed  via  separate  reaction 
channels.  More  recent  measurements  by  Michael,  Allen  and  Probst®  and 
Schurath.  Lippraann  and  Jesser^  confirm  a  difference  in  activation  energies, 
although  the  difference  is  found  to  be  smaller  than  in  the  earlier  work. 
Measurements  in  molecular  beam.s^®  also  tend  to  support  the  dual  ciiannel 
hypothesis;  however,  the  correspondences  between  quantities  measured  in 
different  studies  is  unclear. 

The  apparent  complexity  of  the  reaction  mechanism  is  exacerbated  by 
inconsistencies  in  the  experimental  data.  For  example,  Clough  and  Thrusli^® 
observed  that  the  near-lR  continuum  and  IR  band  emission  have  the  same 
activation  energy,  a  surprising  finding,  since  the  IR  band  spectrum  arises 
from  the  ground  electronic  NO2  channel.  The  recent  work  of  Scliurath. 
Lippmann  and  Jesser®  appears  to  provide  the  answer,  with  the  observation  of 
different  activation  energies  at  different  wavelengths.  However,  this 
raises  the  question  of  what  is  the  "true"  NO2*  activation  energy.  In 
addition,  Schurath  ct  ai.  obtained  half-quenching  pressures  and  an  .N'02* 
quantum  yield  differing  from  tliuse  of  Clough  and  Thrush*’  by  factors  of  2  to 
3,  but  did  not  provide  a  satisfactory  explanation  for  these  discrepancies. 

In  Paper  I  the  IR  band  chemiluminescence  from  the  NO  *  O3  reaction  was 
successfully  modeled  assuming  NO2  formation  via  the  ground  electronic 
channel  alone,  using  results  of  classical  trajectory  calculations'^*^  to  set 
up  the  nascent  NO2  distribution.  The  model's  success  with  the  NO  ^  0 
continuum  (Sec.  Ill)  encouraged  us  to  try  a  simulation  of  the  NO  +  O3 
continuum  as  well. 

If  we  truly  believe  the  hypothesis  of  complete  vibrational  and 

electronic  energy  mixing  (via  either  intramolecular  or  collisional 

processes),  then  all  states  liaving  sufficient  energy  to  emit  In  the 
continuum  are  classified  as  Nn2*  regardless  of  the  channel  by  which  they 
are  formed.  "Sufficient"  energy  means  F,  >*11000  cm"^  .  for  which  tlio 

continuum  emission  rate  l/T^,  equals  or  exceeds  the  total  vibrational  band 

emission  rate.  We  may  therefore  estimate  the  contribution  to  NO2*  f i om  tlie 
ground  electronic  channel  by  integrating  the  nascent  distribution  (dI’(t:)/dE 
in  Paper  I)  above  E  =  11000  cm“^ ;  this  results  In  an  NO2*  quantum  ylold  of 
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0.16.  This  estimate  is  larger  than  Clough  and  Thrusli's  experimental  value 
of  0.06,  but  is  quite  close  to  the  value  0.20  obtained  by  Schurath, 
I.ippmann  and  Jesser.  It  is  concluded  that  the  ground  electronic  channel  is 
capable  of  providing  the  full  quantity  of  emission  (;xperimental ly  observed. 

Further  confirmation  of  the  ground  electronic  mechanism  as  the  source 
of  NO2  is  provided  by  computing  such  properties  as  the  continuum  spectral 
distribution,  half-quenching  pressures  and  activation  energies.  The 
detailed  results  are  presented  below. 

B.  Results 

« 

1 .  N02  Spectrum 

The  NO  *  O3  continuum  spectrum  was  calculated  for  gas  mixtures 
representative  of  Clougit  and  Thrush's^  experimental  conditions  (mostly  NO 
and  O2  at  total  pressures  in  the  tens  of  mtorr);  a  typical  result  is 
depicted  in  Fig.  5. 

The  corresponding  "experimental''  spectrum  is  based  on  Clough  and 
Thrush's  relative  intensity  labulat ion , which  was  converted  to  Intensity 
per  cm"^  and  normalized  to  the  observed  Integrated  intensity  I  using  the 
formula 

I  =  Io[-W][03]''([X]*ri/2)  (7) 

derived  from  Fq .  (i)  of  Ref.  6.  Here  [M]  is  the  total  pressure,  Pj/g  is 
the  half-quenching  pressure  for  a  specified  gas  composition,  and  Iq  = 
*^Ia*^l/2’  rate  constant  for  NO2*  formation.  Based  on  the 
absolute  intensity  and  Pj/2  in  NO  and  O2  buffer  gases,  the  experimental 
value  of  Iq  is  0.22  sec' ^  for  the  Fig.  5  gas  mixture.  Pj/g  is  estimated 
as  3  mtorr  using  the  data  in  Table  I,  discussed  below.  Since  [M]  =  48 
mtorr  >>  Pj/g.  the  absolute  intensity  in  Fig.  5  essentially  reflects  the 
value  of  Tq  alone. 

As  seen  in  Fig.  5,  the  agreement  between  the  calculated  and  observed 
spectra  in  both  shape  and  absolute  intensity  is  remarkable;  it  is 
undoubtedly  somewhat  fortuitous  given  the  uncertainties  in  both  spectra. 
The  agreement  certainly  seems  to  confirm  the  conjecture  that  NOg  emissions 
results  from  the  ground  electronic  channel. 
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2.  NO2  Quenching  Behavior  and  Quantum  Yield 

Playiny  Devil's  advocate  for  a  moment,  one  could  argue  that  the 
agreement  between  the  calculated  and  observed  NO2*  intensity  is  accidental: 
since  1q  =  ^la^l/2'  Perhaps  kj^  and  P2/2  both  coincidentally  in  ericr 
by  large  but  canceling  amounts.  To  test  this  possibility,  the  spectrum  was 
calculated  as  a  function  of  pressure,  and  P1/2  derived  from  a 
Stern-Volmer  plot  of  the  intensity  at  a  selected  wavelength. 

The  results  are  given  in  Table  I.  Although  the  relative 
hal f-quenching  pressures  for  different  buffer  gases  agree  very  well  with 
Clough  and  Thrush's,  they  are  smaller  in  absolute  value  by  a  factor  of  2  to 

3.  However,  the  calculated  values  for  N2  and  O2  agree  much  better  with  the 
recent  measurements  of  Schurath.  Lippmann  and  Jesser.® 

Since  Clough  and  Thrush's  experimental  values  wore  all  derived 
relative  to  NO  buffer  gas,  we  decided  to  examine  the  NO  measurements  more 
closely.  The  NO  Stern-Volmer  plot  was  recalculated,  this  time  including 
the  effect  of  quenching  at  the  vessel  walls  by  introducing  a  removal  rate 
constant,  As  in  Paper  I.  k^,  was  taken  as  (9  sec' ^  /  ( [NO] /torr )  in 
Clough  and  Thrush's  experiment. 

The  Stern-Volmer  plots  with  and  without  wall  quenching  are  shown  in 
Fig.  6  for  X  =  700  nm.  The  model  calculations,  indicated  by  the  squares 
and  triangles,  duplicate  the  NO  pressures  shown  in  Clough  and  Thrush's  Tig. 
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3.  Apparent  ha  1 f -quench ing  pressures  were  determined  via  linear  least 
squares  fits  to  the  calculated  points.  It  is  observed  that  wall  quenching 
introduces  a  barely  noticeable  curvature  into  the  plot,  but  increases  tlie 
linear  fit's  y-intercept  (and  therefore  the  apparent  half-quench ing 
pressure)  by  nearly  a  factor  of  2.  The  apparent  half-quenching  pressure, 
3.7  mtorr,  is  in  fairly  good  agreement  with  Clough  and  Thrush's  reported 
value  of  5.2  mtorr.  At  longer  wavelengths  the  wall  quenching  effect  is 
even  larger;  an  apparent  value  of  6.8  mtorr  is  obtained  at  1.5  p,  a 
threefold  increase  over  the  value  obtained  without  wall  quenching. 

We  conclude  that  the  hal f -quenching  pressures  measured  by  Clough  and 
Thrush  are  too  large  by  factors  of  2  to  3.  Furthermore,  presuming  that  the 
measured  value  of  Iq  is  correct,  k^g  should  actually  be  larger  by  the  same 
factor--! . e . ,  the  NO2*  quantum  yield  is  in  the  range  0.12-0.18  rather  than 
0.06  as  determined  by  Clough  and  Thrush. 


The  above  analysis  is  fully  consistent  with  the  more  recent 
measurements  at  several  different  wavelengths  by  Schuruth,  Lippmann  and 
Jesser,  who  used  a  sufficiently  large  reaction  vessel  (radius  -  400  cm)  to 
eliminate  wall  quencliing  effects.  In  the  visible  region  the  agreement 
between  the  model  and  Schurath  et  al.'s  half-quenching  pressures  is  quite 
good;  this  is  consistent  with  the  model’s  reliability  in  this  wavelengtli 
region  demonstrated  in  the  NO  +  0  calculations.  In  the  near  IR  (-1.25 
the  measurements  disagree  with  the  model  by  about  a  factor  of  2,  but  tliis 
time  tlie  disagreement  is  in  the  opposite  direction  (the  model  predictioiis 
are  too  high).  Because  of  this  discrepancy  in  the  near  IR,  Schuratli’s  NO2* 
quantum  yield  value,  0.20,  is  higher  than  the  model's  result,  which  turns 
out  to  be  0.11.  Botli  values  are  close  to  the  range  0.12-0.18  estimated  in 
the  prc.’vious  paragraph,  as  well  as  the  value  0.16  estimated  in  Sec.  IV. A. 

The  factor-of-2  disagreement  with  Schurath's  results  in  the  near  IR  is 
not  surprising,  given  the  large  uncertainty  in  the  model's  assumed 
quenching  and  radiative  rates  for  the  states  lying  very  near  tlie  excited 
electronic  origin  (around  10,000  cm~^),  which  are  responsible  for  emission 
in  tins  wavelengtli  region.  Tlie  discrepancy  is  seen  to  be  largest  for  Ng 
buffer  gas.  traceable  to  an  especially  steep  decline  in  the  model  rjuencliing 
rate  for  N2  as  the  electronic  origin  is  approached  (see  Tig.  3  of  Paper  I). 

3.  NO2*  Activation  Energy 

The  original  motivation  behind  the  d\ial  channel  hypothesis  for  NO2 
formation  was  the  difference  in  activation  energies  found  for  tot.Tl  NO2 
formation  and  NO2  emission,  i.e.,  an  enhancement  of  the  NO2*  quantum  yield 
at  liigh  temperatures.  Schurath  et  al .  pointed  out  that  much  of  this 
t.’nhancemcnt  is  due  to  a  blue  shift  with  .’ucreasing  temperature,  caused  l>y 
increased  reactant  energy.  One  would  actually  expect  some  enhancement  of 
NO2  at  all  wavelengths  as  the  available  energy  Increases,  since  emission 
even  at  long  wavelengtlis  occurs  from  the  high-energy  tall  of  the  NOg 
vibrational  distribution.  We  performed  some  model  calculations  to  examine 
these  effects  by  including  temperature  dependence  in  the  average  available 
reaction  energy,  Ej.  Fj  is  used  in  calculating  the  NO2  nascent 
distribution,  as  d*’scribed  in  Paper  I. 
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Assuming  that  translational,  rotational,  ozone  vibiational,  and  NO 
spin-orbit  energy  are  equally  effective  in  promoting  the  reaction,  the 
average  available  reaction  energy  is  given  by 

Ej  =  AE  +  4RT+ <Ey>  + <EgQ> -t  Ejj  (8) 

(see  Appendix  B).  where  AE  is  the  reaction  exoergicity  (-16700  cm“M,  R  is 
the  gas  constant,  <Ey>  is  the  ozone  thermal  vibrational  energy,  is 
the  NO  thermal  spin-orbit  energy,  and  E^  is  the  reaction's  activation 
energy.  The  second  term  assumes  3x5  -  4  (vibrational)  -  3  ( center- of -mass 
translational)  =  8  translational.'rotatlonal  degrees  of  freedom.  For  we 
use  the  formula  of  Borders  and  Birks,^^  E_  =  1.52  kcnl/'mole  *  2.2RT.  The 
N02*-N02  activation  energy  difference,  denoted  AE^ ,  is  determined  from  an 
Arrhenius  plot  of  the  spectral  intensity  at  a  constant  N02  formation  rate. 
The  model  calculations  were  perlormed  in  the  temperature  range  300-400  K. 
corresponding  to  the  experimental  measurements  .  ° 

The  calculated  values  of  AE^  as  a  function  of  wavelength  are  compared 
with  the  values  obtained  by  Schurath  et  al..  Michael  et  al..®  and  Clyne, 
Thrush  and  Wayne^  in  Fig.  7.  In  the  latter  two  experiments,  which  measured 
broadband  emission  collected  by  S-20  photomultiplier  tubes,  the  average 
detected  wavelength  was  approximately  750  nm.  It  is  seen  that  the  trend  of 
increasing  AE^  at  shorter  wavelengths  is  quantitatively  reproduced  by  the 
calculation,  although  a  discrepancy  of  about  0.6  kcal/mole  remains  between 
model  and  experiment.  Thus,  the  current  model,  employing  a  single  ground 
electronic  reaction  mechanism,  is  capable  of  explaining  much,  but  not  all, 
of  the  activation  energy  difference  between  NO2  and  NO2* . 

C.  Conclusions 

The  current  model  of  the  NO  +  O3  reaction  does  a  remarkably  good  job 
of  explaining  the  observed  gas  phase  NO2*  chemiluminescence  using  a  single 
ground  electronic  reaction  channel,  forming  NO2*  indirectly  via  collisional 
or  intramolecular  energy  mixing,  with  little  or  no  contribution  from  an 
excited  electronic  channel.  The  discrepancy,  0.6  kcal/mole,  between  the 
predicted  and  experimental  N02*-N02  activation  energy  difference  is  greater 
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t-han  experimental  errors.  However,  given  the  model  uncer  laii\t  ies ,  this 
discrepancy  would  not  seem  to  be  by  itself  strong  enough  evidence  In 
justify  inclusion  of  a  second  channel. 

On  the  other  hand,  additional  evidence  suggests  at  least  two  different 
reaction  channels,  as  exemplified  by  molecular  beam  experiments^^  whicli 
observe  a  bimodal  NO2  angular  distribution.  as  well  ns  a  bimodal 
distribution  of  emission  as  a  function  of  NO  orientation.  Taken  together, 
these  findings  suggest  tluat  both  channels  contribute  to  the 
chemiluminescence  with  roughly  comparable  NO2*  quantum  yields.  A 
reasoniihle  explanation  of  the  molecular  beam  results  is  that  two 
distinguishable  channels  indeed  exist,  but  Uiat  both  are  associated  with 
the  ground  electronic  surface.  Since  an  excited  electronic  channel  would 
produce  far  more  (and  far  bluer)  NO2*  emission  than  a  ground  electronic 
channel,  th**  presence  of  the  former  in  any  significant  quantity  is 
unlikely,  as  it  would  destroy  the  good  agreement  between  model  and 
experimental  spectral  shapes  and  intensities  obtained  in  this  study. 

A  possible  weakness  in  the  model  is  the  questionable  validity  of  the 
vibrational  and  electronic  energy  mixing  assumption  in  the  region  near  the 
^82  origin,  whicli  contributes  most  strongly  to  long  wavelength  NO  +  O3 
chemiluminescence.  This  problem  would  be  exacerbated  at  very  low  pressures 
(below  several  mtorr),  where  collisions  would  be  unavailable  to  promote 
mixing.  Even  as  high  as  E  -15000  cm"^  mixing  seems  to  be  incomplete, 
judging  from  the  scatter  in  measured  continuum  1  Ifetimes . ^ ^  However,  it 
is  not  clear  whether  incomplete  mixing  is  to  blame  for  the  model's 
factor-of-2  discrepancies  with  Schurath  et  al.  in  the  near  IR.  which  could 
be  virtually  eliminated  by  small  adjustments  in  the  nascent  distribution, 
the  quenching  rates  and  the  continuum  spectrum  expression.  Indeed,  it  is 
perhaps  surprising  that  a  model  this  crude  works  as  well  as  it  does. 


V.  SUMMARY 

The  NO2  chemi  luminesctMtce  model  presented  here  and  in  Paper  I  has  been 
used  to  analyze  NO2  chemiluminescence  from  the  NO  <  0  and  NO  +  O3  reactions 
over  a  wide  range  of  experimental  conditions.  Theoretical  considerations 
aside,  the  model's  empirical  success  in  simulating  a  large  body  of  data 
(including  continuum  and  IR  band  spectral  shapes  and  intensities,  quenching 
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parameters,  radiative  lifetimes,  NO2*  activation  energies)  is  remarkahle. 
The  NO  +  O3  calculation  indicates  a  dominant  role  for  the  ground  eJf!ctronic 
reaction  channel  in  yielding  NO2*  chemiluminescence.  Clearly,  additional 
experimental  investigations  would  be  very  helpful  to  more  accurately 
characterize  the  NO  +  0  and  NO  +  O3  spectral  properties,  particularly  in 
the  near  IR  where  both  the  model  and  the  existing  data  are  most  uncertain. 

Although  not  reported  here,  preliminary  simulations  have  also  been 
carried  out  on  NO2*  laser- J nduccd  fluorescence  and  thermal  emission 
spectra,  with  encouraging  results. 
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APPENDIX  A:  Derivation  of  the  Continuum  Franck-Condon 

Integral ,  Eq.  ( 6) . 

Let  q  denote  the  active  vibrational  coordinate,  V  the  upper  state 
potential  along  q  relative  to  q  =  0.  Eq  the  vibrational  energy  in  mode  q, 
and  av  the  difference  potential  along  q.  For  fixed  Eq  the  classical  is 
given  by 


S^CEq.aV) 


dP/dq 
■  dav/dq 


(Al) 


where  av  is  equated  with  the  transition  energy  v.  dP/dq  is  the  probability 
density  and  N  is  a  normalization  constant  sucli  that 


.av)dav  =  1 


(A2) 


The  probability  density  dP/dq  is  proportional  to  (velocity)"^,  i.e., 
(Eq-V)'^^^.  In  the  approximation  that  AV  is  linear  in  q,  the  denominator 
of  Eq.  (Al)  is  constant.  Integrating  Eq.  (Al)  over  all  vibrational  states 
of  fixed  total  vibrational  energy  Ey  yields 


s2(Ey.aV) 


Ev 

(Eq-V)-l/2(fr^_E^)2dE^ 

V 


(A3) 


whf!re  the  proportionality  constants  have  been  combined  into  N.  The  factor 
(Ey-Eq)^  is  proportional  to  the  number  of  vibrational  states  in  a 
3-dimensional  harmonic  oscillator  having  energy  Eq  in  one  mode  and  a  total 
energy  of  Ey . 

In  the  harmonic  approximation,  V  -  q^,  and  in  the  linear  AV 
approximation,  q  -  AV-Vq,  where  Vq  is  a  constant.  Thus, 


APPENDIX  B;  Derivation  of  Eq.  (8) 


l.el  k(Ej.)  be  tbc  NO  ♦  O3  rate  constant  at  reagent  energy  Ej.-  ^keri  the 
net  rale  constant  at  temperature  T  Is 


=  -^k(Ej.)p(Ej- 


)exp(-8Ej.)dEr 


where  p(Ep)  is  the  reagent  density  of  states,  Z  is  the  reagent  partition 

09 

function,  ^p(Ej,)e.\p(-PEj,)dEj,,  and  8  =  (k  is  the  Boltzmann  constant). 

0 

The  average  energy  of  the  molecules  which  react  is  given  by 

09 

=  zkT?  t/m  Er)P(Er)ErCxp(-BEr)dEr  (I 


The  activation  energy  is  defined  as 


F _ l_dkili 

k(T)  dp 


Substituting  Eq .  (Bl)  into  Eq .  (D3)  leads  to 


^  dp  a 


The  first  term  is  the  average  reagent  thermal  energy.  €.  The  average 
energy  available  to  the  products  is  therefore 


Fj  =  flE  ♦  <E>  =  flE  t  c  ♦  Eg 


where  PE  is  the  reaction  exoergicity.  Eq .  (8)  results  from  setting  G  =  4RT 
*  <Ev>  *  <F.so> 
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Model  and  experimental^®  continuum  radiative  lifetimes. 

The  model  continuum  spectrum  as  a  function  of  excitation 
energy.  From  bottom  to  top.  E  =  13000,  IROOO,  19000, 
22000,  and  25000  cm' ^ . 

The  high  pressure  NO  *  0  continuum  spectrum  (O2  buffer 
gas)  . 

The  low  pressure  NO  +  0  continuum  spectrum. 

The  NO  +  O3  continuum  spectrum,  [NO]  =  14  mtorr,  [O2]  = 

28  mtorr,  IO3]  =  6  mtorr. 

Model  Stern-Volmer  plots  of  NO2*  chemiluminescence 
quenching  by  NO.  X  =  700  nm,  with  (triangles)  and  without 
(squares)  quenching  at  the  vessel  walls. 

The  NO2*  -  NO2  activation  energy  difference  as  a  function 
of  V . 


Figure  7. 
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I.  Half-quenching  pressures 
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^Clough  and  Thrush , ^ ^ *  reported  to  be  independent  of  wavelength. 
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